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POSTGLACIAL ENVIRONMENTS IN THE CANADIAN ROCKY MOUNTAINS! 


CALVIN J. HEUSSER 
Department of Exploration and Field Research, American Geographical Society, New York 
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INTRODUCTION 

The Cordillera of northwestern North America pro- 
‘ided the stage for successive glaciations during the 
Pleistocene. As interconnected networks during the 
Wisconsin age and centralized in British Columbia, 

aciers extended northwest to the Aleutian Islands 
and south into Washington. Flint (1947) has aptly 

ferred to the mass of ice as the Cordilleran Glacier 
Complex as it was constituted by an ice sheet as well 
s valley and piedmont glaciers whose drainage pro- 
igressed inland and to the Pacifie Ocean. 

The Canadian Rocky Mountains forming the east- 
frm limit of the Cordillera were glaciated less ex- 
Mensively than the ranges further west. During Wis- 
Monsin glaciation marine ar masses moving onto the 
‘ontinent became progressively drier as they traveled 
eastward much in the same way as they do today. As 

result precipitation to nourish the glaciers was 
Meavier in the Coast and Selkirk Mountains than in 
the Rockies. Glaciers from the Rockies became suf- 
Miciently active, nevertheless, to form piedmont tongues 
over the eastern foothills and plains that reached to 
Mhe border attained by the Laurentide ice which had 
Moved westward from central Canada. 

Pollen profiles from peats accumulated on terrain 

1The term “postglacial’’ refers to the interval of time since 


pie of the Cordilleran Glacier Complex of Wisconsin age receded 
“fom the areas under consideration in this study. 
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LITERATURE CITED 


occupied by the Cordilleran Complex 
(Hansen 1947a and b, 1948, 1955; Heusser 1952, 
1953, 1954a, 1955a and b) indicate that an interval 
of relatively warm climate known as the thermal 
During this 


previously 


maximum prevailed following glaciation. 
time, which radiocarbon datings have shown lasted 
several millennia, glaciers receded and in numerous 
cases disappeared. Subsequently, in recent centuries, 
increased nourishment has favored their rejuvenation. 
The regional reappearance and growth of glaciers 
were recognized by Matthes (1939) who referred to 
the late-postglacial maximum as the “little ice age,” 
an episode whose limits are not clearly defined and 
are rather loosely understood. 

Vegetation in proximity to the ice termini has 
served to establish the dates of glacier variations. 
The works of Tarr & Martin (1914), Cooper (1923, 
1931, 1937, 1939, 1942) and Lawrence (1950a, 1951, 
1953) in eoastal Alaska, of Mathews (1951) in 
coastal British Columbia, of Butters (191l4a) and 
Cooper (1916) in the interior of the province, and of 
Lawrence (1948) in the Oregon Cascades represent a 
noteworthy contribution to our understanding of the 
dating of ice advances and recessions based on the 
ages of living plants. More recently studies by Pierce 
(1953), Muntz (1953, 1955), Heusser, Schuster, & 
Gilkey (1954), and Heusser (1955¢, 1956) have added 
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to the accumulated data on the late-postglacial maxi- 
mum in the Cordillera. Observations on current 
glacier variations have been carried out by Baird 
(1951), Dyson (1952), Field (1948, 1949), Harrison 
(1951), Bengtson & Harrison (1955), Johnson 
(1952), and Meek (1948a and b) among others. 

Glacier variations as determined by vegetation 
relationships in the Canadian Rocky Mountains were 
practically unknown prior to this study and based 
largely on the work of two men. Cooper (1916) had 
studied the moraines at Robson Glacier although his 
concern was primarily the pattern of plant succession 
on them and secondarily their age. Field (1949) had 
collected tree sections from the vicinity of several 
glaciers for the purpose of dating but was unable to 
conduct a searching study since time permitted the 
fulfillment only of his major objective of mapping 
the glacier tongues. The pollen and peat stratigraphy 
was unknown. Hansen (1948, 1949a and b, 1950) 
had investigated peat deposits in Glacier National 
‘Park, Montana, in south-central Alberta, and north- 
ward along the Alaska Highway. He obtained signifi- 
cant results from these marginal areas, and certain 
assumptions concerning conditions in the Rockies 
could be drawn. 

The present work was undertaken to gather con- 
clusive data on the postglacial environments of the 
Canadian Rocky Mountains. The fundamental pur- 
pose was to establish the time-variation relations of 
representative glaciers and to describe the microfossil 
and macrofossil stratigraphy of the peat deposits. 
The secondary objective was to show whatever cor- 
relations exist with available data from northwestern 
North America. Preliminary results of this research 
program have already been reported by Field & 
Heusser (1954) and Heusser (1954b & ¢). 

The area investigated is represented by Banff, 
Jasper, and Yoho National Parks and Robson Pro- 
vincial Park, all of which are situated in Alberta- 
British Columbia (Fig. 1). The parks were chosen 
since they contain the largest and most numerous 
glaciers in the Rocky Mountains and are readily ac- 
cessible. They border over 250 mi. of the continental 
divide between 53°29’N., 119°33’W. and 50°42’N., 
115°10’W. The maximum distance across them from 
northeast to southwest is approximately 50 mi. Jasper 
Park is largest and followed in size by Banff, Robson, 
and Yoho Parks. Several other parks are associated 
on the west. 

During the field period lasting seven weeks in the 
summer of 1953, 12 glaciers were studied and four 
peat sections were obtained (Fig. 1). Bases were set 
up at Berg Lake, Athabaska Falls, Athabaska Glacier, 
Bow Lake, and Yoho Valley. Transportation was 
largely by automobile but also on foot and by pack 
train on three occasions to reach Robson Glacier, Co- 
lumbia Glacier, and Fre¢shfield and Southeast Lyell 
Glaciers. 

The program was drawn up jointly with William O. 
Field of the American Geographical Society who was 
responsible for the mapping program from which the 
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glacier variation measurements related to certain 
botanical aspects of the work are derived. He also 
handled much of the planning and scheduling and 
gave considerable aid toward completion of the study. 
Dr. Howell O. Archard of Brooklyn, New York and 
Stephen L. Den Hartog of Wellesley Hills, Massachu- 
setts assisted in the field. The work was supported 
by the American Geographical Society, as part of its 
Glacier Study Project, and by a grant from the 
Penrose Fund of the American Philosophical Society. 
The University of Minnesota, through Dr. Donald B, 
Lawrence, and Yale University, through Dr. John R. 
Reeder, loaned botanical equipment. The National 
Parks Branch of the Department of Resources and 
Development in Ottawa granted permission to study 
and collect botanical specimens in the parks. Pack 
trains were handled by Roy F. Hargreaves of Mount 
Robson, Frank Wells of Athabaska Falls, and James 
Simpson and James Simpson, Jr. of Bow Lake. To 
these persons and organizations deep gratitude is ex- 
tended for assistance. 


GEOLOGY 
PHYSIOGRAPHY 

The course of the continental divide as a sinuous 
line common to all the parks is marked by massive 
mountains generally exceeding 10,000 ft in elevation. 
The higher peaks are along the edge of Jasper Park 
or between Jasper and Robson Parks. Mt. Robson 
(12,972 ft) is the highest in the Canadian Rockies 
with Mt. Columbia (12,294 ft) second. Bordering 
Banff Park, Mt. Forbes (11,902 ft) is third in height. 
The summits of these three mountains stand well 
over a mile above the nearby valleys. Mt. Robson is 
most impressive with its summit approximately 
9600 ft above adjacent Kinney Lake. Many peaks 
of considerable size occur in the parks beyond the 
divide. Noteworthy are Mt. Alberta (11,874 ft), Mt. 
Athabaska (11,452 ft), Mt. Brazeau (11,386 ft), and 
Mt. Goodsir (11,686 ft). The mountains exhibit 
structural bedding which is horizontal, tilted, and 
folded and faulted. They are perpetually snow-clad 
often to their summits and, as would be expected, are 
the sources of glaciers of varying dimensions. 

The valleys are essentially adjusted to the north- 
west-southeast trend of the mountains. No river com- 
pletely transects the divide. In Jasper Park, the 
Athabaska and its tributaries constitute the principal 
drainage; in Banff Park the North Saskatchewan and 
the Bow, a tributary of the South Saskatchewan, are 
the major rivers. Fraser River drains Robson Park 
while the Kicking Horse, a branch of the Columbia 
River, rises in Yoho Park. The streams near the 
headwaters of these rivers generally flow in narrow 
valleys and have a steep gradient. Many have their 
sources as melt-water from glaciers as indicated by 
their suspended rock flour. The major valleys are 
broad with wide but shallow meandering rivers which 
are continually shifting course. Some rivers descend 
through one or more lakes, such as the Athabaska 
which passes through Jasper and Brilé Lakes or the 
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Mountains. The distribution of ice fields and glaciers is represented by blackened areas. 


Mistaya, a branch of the North Saskatchewan, which 
flows through Mistaya and Waterfowl Lakes. 

The watersheds from which the river systems origi- 
nate are separated by the mountain passes, several 
of which are of historical interest. Athabaska Pass 
(5724 ft elevation), near the headwaters of the Whirl- 


pool River which feeds the Athabaska, was first 
crossed by the British explorer-geographer, David 


Thompson, in 1811 and for many years following was 
used by parties traveling to the Pacific coast (Tyrell 
1916). Howse Pass (5010 ft) to the south had been 
crossed by Thompson in 1807, but trouble with the 
Indians disfavored use of the route. 


local Piegan 


Yellowhead Pass (3711 ft) to the north gained im- 
portance following the the explorations of Simon 
John Stewart, and Jules Quesnel in 1808 al- 
crossing recorded was around 1826 
(Thorington 1925). This pass is now used by the 
Canadian National Railways. Kicking Horse Pass 
(5338 ft) between Lake Louise and Field is crossed 
by the Canadian Pacifie Railway. 

Bostock (1948) has outlined the physiographic units 
of the Canadian Cordillera. According to his classifi- 
cation the region of the parks occurs almost entirely 
in the Rocky Mountains Subdivision of the Eastern 
System. The Rocky Mountain Foothills Subdivision 


Fraser, 
though the first 
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is adjacent to the northeast while the Rocky Moun- 
tain Trench Subdivision borders on the southwest. 
These three units constitute what Bostock has termed 
the Rocky Mountain Area. 

The Rocky Mountains Subdivision, our principal 
concern, consists chiefly of sedimentary rocks whose 
origin dates back as far as the Pre-Cambrian sea 
that occupied the regional geosyncline. The bulk of 
the rock is Paleozoic, consisting of bedded quartzites, 
limestones, and dolomites which have become warped 
and fractured into massive units. These are separated 
by valleys considerably lower in elevation and deep- 
ened by stream and ice erosion along zones of struc- 
tural and lithological weakness. A small area of 
igneous rock regarded as Post-Cretaceous in age oc- 
eurs as a laccolith south of Field in Yoho Park 
(Allan 1914). 

The boundary of this subdivision with that of the 
Foothills is rather distinctive in this part of the 
Eastern System. A prominent escarpment marks the 
northeastern limit with the exception of occasional 
outliers within the Foothills. The ranges along this 
border are steep-faced, 2500 to 3000 ft in height, to 
the northeast and of gentle inclination to the south- 
west. They consist largely of limestone beds, chiefly 
of Devonian or Carboniferous age, that have been 
thrust over the Foothills unit. 

The rock of the Foothills is entirely of sedimentary 
Mesozoic age with some Pre- 
and Tertiary material to be 


origin and mostly of 
Cambrian, Paleozoic, 


found. Formations are composed of sandstone, shale, 
and conglomerate. These have been folded and 


faulted in relatively narrow bands which trend north- 
westerly, similar to those of the Rocky Mountains 
Subdivision. The rock is not so resistant to erosion 
and as a result the Foothills are low and generally 
rounded in outline. Only small portions along the 
northeast edges of Banff and Jasper Parks appear 
to fall in the Foothills belt according to the maps of 
Warren (1927) and Lang (1947). 


GLACIAL GEOLOGY 

Evidence from the parks and in the vicinity sug- 
gests that during the last ice age a network of glaciers 
occupied the valleys and the middle and lower slopes 
of the higher mountains, overriding some of the low 
peaks but not covering the region entirely. The 
existence of several intervals of glaciation in the 
parks is not clearly known although the work of 
Stewart (1919) implies at least two. 

The elevations of the highest erratics and the slopes 
and contours of the higher mountain peaks have 
served to gauge the ice maximum. Remarkable 
agreement is evident insofar as the available data 
show. Allan (1914) placed the upper limit at ap- 
proximately 8500 ft on Mt. Stephen near Field in 
Yoho Park. In Banff Park, Warren (1927) found 
erratics on Sulphur and Cascade Mountains to a 
height of nearly 8000 ft while the summits of Tunnel 
Mountain (5550 ft) and Stoney Squaw Mountain 
(6180 ft) had been strongly glaciated. To the north- 
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west along the upper Whirlpool River in Jasper Park, 
Mathews (1954) discovered quartzite boulders on the 
crest of a limestone ridge at an elevation of 8200 ft 
and concluded they had been carried there by ice. 
This latter observation is not conclusive as regards 
the highest elevation reached by the ice but is in gen- 
eral accord with data previously cited. More data 
are necessary to trace the descent of the Wisconsin 
age glaciers toward the Foothills and into the Trench; 
it appears, however, that near Banff the ice may have 
been about 3100 ft thick whereas near Field, which is 
nearer the continental divide, a thickness of 4200 ft 
seems likely. 

The gouging and plucking action of the ice along 
drainage courses transformed many 
of the narrow incised valleys into broad U-shaped 
thoroughfares. Valley head walls were eroded back 
into amphitheater-like cirques whose floors are today 
commonly occupied by small tarns or glaciers. The 
tributary streams of the pre-glacial drainage were 
often left hanging following glaciation. In Yoho 
Valley, north of the Kicking Horse River, the 1248-ft 
Takakkaw Falls originated in this fashion. Rock 
basins formed by glacial erosion have since become 
filled with water, Lakes Agnes, Turquoise, and Mar- 
garet in Banff Park and Berg Lake in Robson Park 
being examples (Allan 1917). 

Gravels, sands, and silts of glacio-fluvial and glacio- 
lacustrine origin along with unsorted or partially 
sorted morainal dumps are widespread in the main 
valleys such as the Athabaska, the Fraser, the Kicking 
Horse, and the Bow. Morainal debris has brought 
about the formation of lakes such as Moraine, Louise, 
and Minnewanka in Banff Park, Maligne and Pyra- 
mid in Jasper Park, and Kinney in Robson Park; 
other lakes such as Hector and Bow are a result of 
gravel and sand outwash barriers (Allan 1917). In 
Yoho Park, the floor of Kicking Horse Valley is 
thickly covered by stratified sediments which were 
laid down in a lake that has since washed out (Allan 
1914). Just outside Jasper Park near the present 
outlet of Brilé Lake, a moraine across the Athabaska 
River caused the impounding of glacial water up the 
Athabaska so as to bring about the union and enlarge- 
ment of Bralé and Jasper Lakes in the area of the 
present park (Dowling 1912, Lang 1947). Since the 
melting out of the ice of the last glacial age, the 
deposits left in the valleys in part have been reworked 
by stream and wind erosion. At the same time sedi- 
mentation in ice-front lakes and moraine building are 
going on as a result of the present glaciation. 

Glaciers of the Cordilleran Complex advanced into 
the interior of Alberta and at least one time reached 
Calgary, 50 mi. east of the mountains, while farther 
north the ice was somewhat more extensive eastward 
(Flint 1947). Allan (1943) has observed the 
largest glacial erratic (quartzitic sandstone) and the 
farthest from the mountains at a place 5-mi. north of 
Calgary. The limits of the glaciers that flowed from 
the mountains are not well known, and the exact rela- 
tionship of the Cordilleran and Laurentide ice is as yet 
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obseure. Flint et al (1945) were able only to approxi- 
mate the contact of these two masses. This unfortu- 
nate situation exists because the drift from the two 
glaciers overlaps in a broad area and the region 
where the drift occurs has not been adequately studied. 
Rutherford (1941) and Allan (1943) have indicated 
that the two glaciers did not arrive simultaneously 
as the deposits from each would have been inter- 
worked. The Laurentide glaciation followed the 
Cordilleran in this district as shown by deposits of 
the former superimposed on the latter. 

Eastward in Alberta the Laurentide end moraines 
are successively younger as mapped by Bretz (1943). 
The westernmost moraine known as the Duffield he 
has accorded an earlier Wisconsin age as compared 
with the Altamont moraine which represents the 
terminal of Late-Wisconsin ice (equivalent to the 
Mankato). Both moraines, however, appear youthful. 
Two moraines, the Buffalo Lake and the Viking, lie 
east of the Duffield and west of the Altamont. Each 
is successively younger than the Duffield but older 
than the Altamont. 

This arrangement of moraines with 
Rocky Mountain drift strongly suggests that by the 
time the Altamont moraine was built in Late-Wis- 
consin time, a deglaciated zone existed between the 
Cordilleran and Laurentide glaciers. Halliday and 
Brown (1943) in their study of the present distribu- 
tions of forest trees in Canada, on finding a heavy 
concentration of pine in this region, speculated that 
it might be a possible refugium for the species. Han- 
sen (1949a and b) has also recognized this possi- 
bility in his pollen study of the bogs developed on the 
Laurentide drift. The pine profiles for many of the 
deposits south and east of Edmonton show pine pre- 
dominant when the earliest pollen began to be pre- 
served. Since the bogs lie west of the Altamont 
border they may record pre-Late-Wisconsin forests 
that thrived in an ice-free belt. 


relation to 


CLIMATE 

The parks have different climates because of their 
location on both sides of the continental divide. Con- 
ditions west of the divide are under the influence of 
the Pacifie Ocean while those on the east are con- 
tinental in character. The vegetation of Robson and 
Yoho Parks as compared to that in Banff and Jasper 
Parks clearly reflects this climatic pattern. In fact, 
the frequency of storms passing through this region 
from the ocean has been cited as the causal factor in 
bringing about the extension eastward into the Rocky 
Mountains of plants typical of the coastal district 
(Daubenmire 1943). Cyclonic storm tracks across 
North America during January and July over a 10- 
year period between 1922 and 1932 are shown by 
Connor (1938). The concentration of the paths 


through southwestern Alberta, particularly during 
January, is clearly illustrated. 

Two types of air masses are essentially responsible 
for the climate of this portion of the Rocky Moun- 
tains. 


Willett (1944) has described these as polar 
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marine and polar continental. Polar marine air 
masses in winter develop in the North Pacifie which 
at that time of year is dominated by the Aleutian 
Low. As they move inland across the mountains they 
are cooled and at low levels become progressively 
drier, so that east of the continental divide they often 
take on the characteristics of continental air but are 
not so cold nor so dry. These follow one 
another from September to June and bring precipita- 
tion to the mountains, particularly to the western 
“anges and west-facing slopes. In summer, polar 
marine air originates in the upper-latitude Pacific 
High. Warming of the shallow surface layer occurs 
as the mass progresses eastward over the land and 
with the result that mixing with dry air aloft follows. 
Subsequently the marine air becomes indistinguishable 
from dry continental air east of the Rockies. 

The second type of air mass, the polar continental, 
arises in winter in northern Canada, the Arctie Ocean, 
or northeastern Siberia. The route of travel is com- 
monly southeastward and east of the Rockies, thereby 
usually affecting only the eastern foothills. The 
mountains constitute a barrier to the penetration of 
this cold and dry air, although occasionally the mass 
may straddle the continental divide causing sub- 
freezing temperatures as far as the west coast. In 
summer this type is less frequent and weaker while 
at the same time tending to move eastward rather 
than southward. 

A third air mass which may affect the Rockies in 
winter is the tropical marine with its source in the 
low-latitude Pacific High. Over the continent this 
warm air is forced aloft by the mountains but is un- 
able to descend the east slopes by virtue of the 
presence of cold polar continental air. The 
usually remains aloft, traveling behind an upper-level 
warm front, and frequently causing light precipita- 
tion on the eastern slopes of the northern Rockies. 

Meteorological data? are available for the parks 
at Banff, Jasper, Red Pass Junction, and Field (Fig. 
1) 
dating since 1895, while that for Jasper was begun 
in 1916 and is not continuous. Data from Field are 
from 1923 to 1936, and those from Red Pass June- 
tion are discontinuous from 1932 to 1954 with only 
Since 1932 is 
the only year observations were made at all stations, 
data have been tabulated (Table 1). 
of temperature, precipitation, and snowfall for the 


masses 


mass 


The Banff record is longest and most complete, 


precipitation and snowfall recorded. 


The extremes 


TABLE 1. Meteorological data recorded in 1932 for 
stations in the parks. 





Mean Max. 


| Min. 
Temp. | Temp. 
(°F) (°F) 


Temp. 
(°F) 


; Total 

Elev. | Precip. | Snow 
ft.) (in.) in. 
Banff, Alta. 4583 35.6 83.2 |—38.0 20.69 65.6 

Jasper, Alta. 3480 36.9 87.0 |—34.0 1 

Red Pass Jtn., B.C. 3475 | 26.88 | 125.6 
Field, B.C... . 4076 36.5 88.0 |—33.0 2 


Station 





2 Kindly furnished by the Meteorological’ Division, Department 
of Transport, Toronto, Canada. 
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Extremes of temperature, total precipitation, and snowfall for stations in the parks. 





| Max. Temp. 
Station (‘F) (°F) 


Min. Temp. | Max. Precip. 


Min. Precip. Max. Snow. Min. Snow. 
(in.) (in.) (in.) (in.) 








94.0 (1934) |—60.1 (1950) 
98.0 (1941) |—53.0 (1916) 


Banff, Alta 
Jasper, Alta 
Red Pass Jtn., B. C.......| 
Field, B. C |—35.0 (1926) 


30.59 (1902) 
22.78 (1948) 
34.19 (1933) 
28.22 (1927) 


12.27 (1922) | 219.3 (1915) 34.1 (1905) 
8.47 (1941) 80.9 (1953) 19.7 (1952) 
20.11 (1935) 184.5 (1938) 76.8 (1941) 
10.19 (1925) 124.1 (1933) 71.2 (1930) 








periods when records have been maintained at the 
stations are given in Table 2. 

Records of mean annual temperature, precipitation, 
and snowfall at Banff cover the first half of the 
present century, and 10-year moving means of these 
data have been determined and are diagrammed in 
Fig. 2. Temperature trends are apparent (Fig. 2a). 
In the early part of the first decade a 0.5°F rise 


— in a 3 


MN 
° 
rt 








Precipitation in inches 


= 
N 
n 








Meon temperature °F 








| 
A 1900 1910 1920 1930 1940 1950 
Fig. 2. 
temperature, (B) total annual precipitation, and (C) 
total annual snowfall for the period 1895-1955 at Banff, 
Alberta. 


Ten-year running means of (A) mean annual 


occurred whereas subsequently through several flue- 
tuations an 0.8°F fall followed by the first half of 
the second decade. During the latter half and up 
until the late 1930’s, a temperature rise amounted 
to 1.7°F. Since then average temperature has fallen 
about 2°F. Precipitation shows an over-all decline 
of almost 6 in. from 1899 through to the late 1930's, 
although during the second decade a temporary rise 
of 2 in. over the previous decade is seen (Fig. 2b). 
From the late 1930’s to mid-century a return to wetter 
conditions is evident in the precipitation increase of 
over 4 in. Snowfall has behaved much in the same 
way as precipitation, and between 1899 and 1939 
registered an over-all decrease of about 22 in. (Fig. 
2c). The second decade is a conspicuous interval of 
heavy snowfall with an increase of 32 in. over the 
decade previous. Subsequently, it dropped 38 in. by 
the late 1920’s, rose again by 12 in. in the early 
1930’s, later declined 16 in. by 1939, and _ lastly 
through the 1940’s has risen 34 in. 


VEGETATION 
Historical SKETCH 

Plant collections and vegetation surveys in the 
parks date back to the early nineteenth century, and 
the celebrated Scotch botanical explorers Thomas 
Drummond and David Douglas. These men observed 
the parks this early because they were located along 
major routes of travel and near the established trad- 
ing posts. Although since then there have been col- 
lecting and study in different sectors, even in this 
decade many places remain unvisited. 

Thomas Drummond appears to have been the first 
botanist to visit the region now included in Jasper 
Park. Drummond was assistant naturalist on the 
Second Overland Expedition of John Franklin 1825- 
1827. He crossed Athabaska Pass in 1826 and again 
in 1827. Douglas followed this route later in 1827 
while he was returning to England from Fort Van- 
couver which is on the lower Columbia River (Doug- 
las 1914). Over two decades later in 1851 John 
Jeffrey crossed Athabaska Pass, having been sent 
from Scotland to complete the botanical explorations 
of Douglas (Ewan 1950). 

Shortly after Jeffrey’s journey over the Rockies 
(Ewan 1950), Eugene Bourgeau following the Bow 
River botanized to its source in Bow Lake, situ- 
ated in what is now Banff Park. Bourgeau ac- 
companied Palliser’s British North American Ex- 
ploring Expedition 1857-61. In 1872 the prominent 
John Macoun participated as botanist in Sir Sand- 
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ford Fleming’s survey for the Canadian National 
Railways over Yellowhead Pass. Macoun later joined 
the Geological Survey of Canada and in 1885, in 
their employ, collected along the Canadian Pacifie 
Railway. Later in 1897 William Spreadborough, an 
ornithologist, joined him during another trip to the 
Rockies. Spreadborough independently collected 
about the Athabaska and Miette Rivers in 1898, bring- 
ing together about 300 plant species. 

Following the turn of the century, collections were 
made by Edith May Farr during 1904-1905 in the 
vicinity of Banff (Farr 1907). Stewardson Brown, 
of the Academy of Natural Sciences in Philadelphia, 
visited the region of the parks in 1906 and 1908 with 
Mary T. S. Schaffer and during the interim jointly 
published some of their observations (Brown & 
Schiiffer 1907). Results of the Alpine Club of Cana- 
da Expedition to the Mount Robson Region in 1911 
have been brought together by Standley (1912). His 
report treats plants collected principally about Moose 
Pass, Moose Lake, and the Athabaska River. The 
Robson River region of Robson Park was visited by 
the American ecologist William S. Cooper in 1914. 
Cooper’s visit resulted in a significant contribution 
not alone to our knowledge of the plants in the vicini- 
ty of Mt. Robson (12,972 ft elev.) but also to the 
vegetation zonation and succession (Cooper 1916). 
The Canadian ecologist Francis Lewis (1917) made a 
survey of the plant associations about Banff in 1916. 
Lewis approached the vegetation from the ecological 
point of view, as did Cooper, both men working con- 
temporaneously with Charles Shaw (1905, 1916) and 
Frederick Butters (1914a and b) who were concerned 
with the Selkirk Mountains west of the main range. 
These four men may be singled out as responsible for 
early contributing a basic understanding of plant suc- 
cession following glacier retreat in North America. 

Jasper Park was visited in 1917 and again in 1919 
by James M. Macoun, son of the eminent Canadian 
naturalist. His 1917 collections were made largely 
near Mount Edith Cavell (11,033 ft elev.) south of 
Jasper (Macoun 1918). John Harshberger, in the 
course of his study of the screes of western North 
America, made a small plant collection on the slopes 
above Lake Agnes in Banff Park in 1926 (Harsh- 
berger 1929). The Yoho Park region was explored 
botanically by Titus Ulke in 1921-1923 and 1927-1928, 
and a flora of the park was later published (Ulke 
1934). 

During the succeeding years studies and collections 
from the parks decreased. These activities have been 
taken up in large measure by persons at the Universi- 
ty of Alberta and University of British Columbia, 
by government parties, and also by mountaineering 
groups, particularly those affiliated with the Alpine 
Club of Canada. Observations by members of this 
latter organization have on oceasion been reported 
(Ostheimer 1926-1927, Greig 1954). 


ZONATION AND CHARACTER 
The vegetation of the parks is essentially divisible 
Into conifer forest and alpine tundra. Of the two 
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the former occupies the greater proportion of the 
terrain. As continuous forest it may extend al- 
titudinally to as much as 7200 ft while for hundreds 
of feet higher individuals or small clumps of de- 
formed (krummholz) trees be found in 
tected situations. Griggs (1938), for example, noted 
that the highest trees in the Lake Louise district were 
at about 8500 ft. Patterns of continuous snow cover, 
alleys of cold air drainage, slope steepness and aspect, 


can pro- 


wind blasting, and soil composition and character, in- 
cluding available moisture, are some of the more sig- 
nificant factors that may affect the extent to which 
arboreal vegetation will penetrate the alpine tundra. 
Various combinations of these factors can operate so 
as to cause the upper limit of continuous forest as 
well as the limit of trees to vary altitudinally (Dau- 
benmire 1954). Cooper (1916) placed timberline or 
the upper limit of the subalpine zone at 6500 ft in 
Robson Park; Allan (1914) recorded timberline be- 
tween 6500 and 7000 ft in the area of Yoho Park. 
These elevations presumably represent the upper ex- 
tent of continuous forest. In Banff Park, forest 
reaches between 7000 and 7100 ft elevation (Lewis 
1917, Romer 1929) while in Jasper Park it ranges to 
about 7200 ft. Westward in the Selkirks elevations 
of only 5500 to 6000 ft are attained (Butters 1914b). 

The alpine zone is limited much in the same way 
by the factors operating to bound the forest, al- 
though owing to the physiognomy of the plants in 
this zone, species are able to persist in rock crevices 
and other protected places at elevations above the 
trees. Much of the alpine zone is barren where snow 
lasts until late in the growing period. Other places 
are devoid of plants where glacier tongues have only 
recently withdrawn. 

The alpine zone in this part of the Rocky Moun- 
tains is constituted of what has been termed Petran 
tundra, although plants of the high-latitude arctic 
tundra and of the Sierran tundra, which is character- 
istic of the Sierra Nevada and Cascades, are present 
(Weaver & Clements 1938). Daubenmire (1943) in 
discussing the literature pertinent to the origin of the 
flora, points out that some plants are endemic and ap- 
pear to have been derived from regional low-altitude 
species while others are identical to arctic tundra 
species or have slight differences. The proportion of 
endemics increases southward whereas species of 
boreal derivation become fewer. Thus, in the parks, 
the number of endemics in this zone would be ex- 
pected to be relatively low while arctie species are 
more numerous, 

Various assemblages of plants are identified with 
different habitats, and several of these should be 
mentioned. Where the alpine tundra and forest in- 
terdigitate, heaths grow in profusion with Cassiope 
mertensiana® predominant or co-dominant with Cas- 
siope tetragona. Other members of the association 
may include Luetkea pectinata, Empetrum nigrum, 
Phyllodoce empetriformis, P. glanduliflora, Vaccini- 
um caespitosum, V. scoparium, and Pedicularis brac- 


% The nomencleture of Rydberg followed unless 


the authority follows the binomial. 


(1922) is 
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In places, particularly shallow depressions, 
remain until late in the summer season. 


teosa. 
snow may 


Drainage is usually sluggish and, quite often, plants 
may be submerged for sometime after the snow melts. 
Species frequently found are: Erythronium grandi- 
florum, Anemone occidentalis, Ranunculus eschscholt- 


zii, Valeriana sitchensis, and Antennaria racemosa. 
Various heaths may also be associated. 

Luxuriant herbaceous growth commonly occupies 
the vicinity of the forest-tundra ecotone. Moun- 
taineers use the term “meadow” in designating this 
assemblage, although more properly it has been called 
“mat-grassland” (Lewis 1917). Past fires have been 
responsible for some of the “alpine meadows” where 
otherwise it is likely trees would occur. The plants 
are either forbs, of diverse family affiliation, or mem- 
bers of the Gramineae or Cyperaceae. Included are 
Phleum alpinum, Deschampsia caespitosa, Trisetum 
subspicatum, Poa crocata, Carex spectabilis, Zyga- 
denus gramineus Rydb., Z. venosus S. Wats., Vera- 
trum viride Ait., Polygonum viviparum L., Anemone 
drummondii, A. occidentalis 8S. Wats., Caltha lepto- 
sepala, Delphinium brownii, Aconitum delphinifoli- 
um, Arabis lyallii, Potentilla dissecta Nutt., P. fruti- 
cosa L., Hedysarum sulphurescens, Epilobium angusti- 
folium L., E. latifolium L., Polemonium pulcherrimum, 
Myosotis alpestris, Penstemon confertus, Veronica 
wormsk joldii, Pedicularis contorta, Rhinanthus crista- 
galli Rydb., Valeriana sitchensis, Antennaria rosea, 
Senecio triangularis, Agoseris glauca, and A. au- 
rantiaca. 

Above the mat-grassland type cover, the plants be- 
come lower in stature and are distributed more sparse- 
ly. Lewis (1917) termed this assemblage, “mat- 
herbage.” The vegetation is almost completely herba- 
ceous, consisting of perennials with few decumbent 
willows and occasional grasses. Some of the representa- 
tives to be noted are Lycopodium alpinum, Poa alpina, 
Festuca brachyphylla, Carex nardina Fr., C. pyrenai- 
ca, C. nigricans, C. scirpoidea, Juncus drummondii, 
J. mertensianus, Salix reticulata L., S. nivalis, Silene 
acaulis, Lychnis apetala L., Parnassia fimbriata, Saxi- 
fraga adscendens L., S. caespitosa L., S. nivalis L., 
Sibbaldia procumbens, Dryas octopetala, Androsace 
carinata Torr., Phacelia sericea, Solidago multiradiata 
Ait., Erigeron aureus, Antennaria media, Artemisia 
alpina, Saussurea densa, Crepis nana Rich., and 
Hieraciun gracile. The high proportion of plants 
belonging to the Compositae and Cyperaceae is dis- 
tinctive. On rock outcrops, crevices are occupied by 
such species as Physaria didymocarpa, Sedum steno- 
petalum, Saxifraga Romanzoffia _ sit- 
chensis, and Campanula lasiocarpa. On talus or scree 
and in boulder fields, few ferns (Cystopteris fragilis 
(L.) Bernh., Cryptogramma acrostichoides) and some 
seed plants (Oxyria digyna, Dryas octopetala) grow 
in recesses where small quantities of detritus have 
collected. A eryptogamie flora, consisting mostly of 
lichens, is usually associated. At higher elevations 
it is the sole plant life of this type of habitat. 

Two zones, subalpine and montane, are recognizable 
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in the conifer forest. The composition of the upper 
portion of the subalpine forest is generally consistent 
in all the parks whereas the montane forest to either 
side of the continental divide is composed of ele- 
ments from adjacent formations. Trees of the boreal 
forest occur in the montane and subalpine zones of 
Jasper and Banff Parks on the northeast of the 
divide whereas representatives of the Pacific coast 
forest grow in Robson and Yoho Parks to the south- 
west. 

Engelmann spruce (Picea engelmanni) and alpine 
(or subalpine) fir (Abies lasiocarpa) thrive through- 
out the subalpine zone with spruce the predominant 
tree. This zone occupies most of the range of altitude 
in the parks, and its lower extremity is often difficult 
to fix. In the two eastern parks this is particularly 
so where montane trees are either infrequent or over- 
lap in the subalpine zone. The western parks de- 
seend to somewhat lower elevations within their areal 
limits, and the montane elements are better repre- 
sented. In the parks east of the continental divide, 
elevations between 7200 and 4500 ft may be con- 
sidered subalpine while westward (Cooper 1916) ele- 
vations are between 6500 and 3500 ft. 

The forest in the upper part of this zone is com- 
posed almost entirely of Engelmann spruce and al- 
pine fir. Additionally, whitebark pine (Pinus albi- 
caulis Engelm.) and limber pine (P. flexilis James) 
are present in small numbers, and Lyall’s larch 
(Larix lyallii) grows locally in Banff Park, in the 
Lake Louise district and in the Valley of the Ten 
Peaks, and in Yoho Park. Oceasionally, lodgepole 
pine (Pinus contorta Dougl.) may be present at high- 
er elevations but is only seldom observed and almost 
never in the forest unless coincident with disturbance. 

Engelmann spruce is the largest tree in the upper 
zone and may measure 144 ft diameter breast high 
(d.b.h.) with heights of 50 to 75 ft. Some trees are 
over 600 years old. Alpine fir is often spindly, a few 
inches through and only 10 ft tall, while at the same 
time layering thickly below so as to exclude herbs 
and shrubs. Where fir does not layer, the ground 
cover is in large measure similar to that in the forest- 
tundra ecotone. As a consequence heaths are preva- 
lent: Empetrum nigrum, Moneses uniflora, Pyrola 
uliginosa, P. chlorantha, P. secunda L., Rhododendron 
albiflorum Hook., Phyllodoce empetriformis, P. glan- 
duliflora, Menziesia ferruginea, Cassiope tetragona, 
C. mertensiana, and Vaccinium scoparium. Besides 
the heaths Salix reticulata L., Cornus canadensis L., 
and Arnica cordifolia may add to the cover. 

At middle and lower elevations in the subalpine 
zone, Engelmann spruce and alpine fir display their 
best growth, although their frequency in the forest 
diminishes. Specimens of Engelmann spruce are to 
be found over 300 years of age, 2% ft d.b.h. and well 
over 100 ft tall such as below Freshfield Glacier; 
others as in the vicinity of Yoho Glacier are ap- 
proximately 400 years old, over 2 ft d.b.h., and more 
than 100 ft in height. The largest alpine fir was 
observed near Freshfield Glacier and measured 144 
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Many of the 
while 


ft d.b.h. and 70 ft tall at 115 years. 
trees centuries old are rotted 
outwardly they may appear healthy. 

White spruce (Picea glauca var. albertiana (S. 
Brown) Rehder) of the boreal forest occurs up to 
about 5000 ft in Banff and Jasper Parks. In Robson 
Park, Cooper (1916) does not record it whereas in 
Yoho Park, Ulke (1934) noted its The 
range of white spruce covers the two eastern parks 
and extends south into Montana as a finger-like pro- 
jection. Outliers, in addition, manifest themselves 
in south-central Montana and in the Black Hills of 
South Dakota. ) 


several within 


presence. 


Hybrids of Engelmann spruce and 
white spruce seem apparent, and these trees may 
reach higher into the subalpine zone. 

The heaths so abundant in the ground cover at 
higher elevations become fewer in the middle and 
lower portions of the spruce-fir forest. In more open 
ancient forest Cassiope mertensiana may still be found 
along with Vaccinium scoparium, and in the closed 
forest Moneses, Pyrola uliginosa, P. chlorantha, P. 
secunda L., Rhododendron, and Menziesia remain. 
The shrubby character of the ground cover results 
particularly from Rhododendron and Menziesia which 
grow several feet in height along with the equally tall 
Vaccinium membranaceum. The remainder of the 
ground flora is represented by Lycopodium annotin- 
um, Ribes lacustre (Pers.) Poir., Rubus pedatus, and 
Linnaea borealis L. var. americana (Forbes) Rehder; 
Shepherdia canadensis (L.) Nutt. oceurs but is a 
more conspicuous shrub in youthful or successional 
forest of the lower subalpine and montane zones. 

Lewis (1917) has called attention to a Menziesia 
“association” on slopes between 4600 and 6900 ft 
elevation in Banff Park. The vegetation is a result 
of intense fire and exists as an almost impenetrable 
growth of shrubs and small trees including besides 
Menziesia, Salix Alnus tenuifolia, and 
Rhododendron. 

In the upper subalpine zone groupings of shrubs, 
such as the above, may be successional after fire, and 
the re-establishment of spruce-fir forest is quite slow. 
Fires, however, are less frequent than at lower eleva- 
tions in the zone. Lodgepole pine and quaking aspen 
(Populus tremuloides) may come in to form tempo- 
rary forests that are eventually replaced by the 
spruce-fir climax. The pine and aspen may consti- 
tute pure or mixed, usually even-aged, stands. South 
of Jasper along the Athabaska River and in the 
valleys of the North Saskatchewan and Bow Rivers, 
large tracts are occupied by such forests, particularly 
of pine. Repeated burning has maintained this vege- 
tation throughout postglacial time; the white man 
and the Indian have been largely responsible, al- 
though lightning has also been a cause. 

Mason (1915) has written that the effect of fire is 
fourfold by (1) causing cones to open and thereby 
making available the seeds of past years, (2) de- 
stroying the ground cover and allowing more light 
to reach the forest floor, (3) exposing mineral soil 
and producing a favorable seed bed, and (4) reduc- 
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ing or driving out the animal populations that other- 


wise would consume the seeds. The intensity of the 
fire, the survival of certain trees, and the amount of 
available soil moisture dictate to what extent pine 
and/or aspen will subsequently invade. For ex- 
ample, if relie lodgepole pines are still present in an 
advanced stage of spruce-fir succession and the fire is 
not sufficiently intense to destroy the seed content of 
If on the 


relic 


the cones, lodgepole will probably succeed. 
(1943) 
aspen is present in a spruce-fir stand, this species 
will likely succeed from root suckers. Usually after 
intense fires, pine follows whereas after less destruc- 
tive burning aspen is a temporary replacement. 
Spruce and fir become established in the subelimax 
soon after pine or aspen. Barring subsequent fire or 
other disturbance, succession will proceed to spruce- 
fir forest and with greater rapidity at lower elevations 
in the zone. 

Depending on the successful establishment of seed- 
lings or the production of root sprouts, as in aspen, 
the density of the ensuing stand will vary. Ground 
cover in dense stands is usually meager; open stands 


other hand, as Daubenmire discusses, 


may be dominated by grasses or occupied by shrubs 
such as Shepherdia and Viburnum pauciflorum along 
with Lewis (1917) also 
adds Zygadenus chloranthus Rich., Habenaria obtu- 
sata Rich., Listera convallarioides (Sw.) Torr., Calyp- 
so bulbosa (L.) Oakes, and Anemone multifida Poir. 

Youthful forests of Engelmann and white spruce 
were observed in the lower subalpine zone of Banff 
Park. Two were located along Glacier River, at 
4800 ft elevation just below the terminal moraine of 
Southeast Lyell Glacier, and along Howse River at 
4600 ft, a short distance above the junction of this 
drainage and that of Glacier River. Spruces were 
dominant with several remnant lodgepole pines; no 
alpine fir appeared to be present. These may be 
considered incipient climax stands, and mention is 
made so as to provide continuity to the foregoing sub- 
climax pine. Thickets of Salix, Betula glandulosa, 
Potentilla fruticosa, and Shepherdia are discontinu- 
ous. A comparatively open area is occupied by 
Juniperus sibirica, Dryas drummondii, Arctostaphylos 
uva-ursi, A. rubra (Rehder & Wilson) Fern., Geocau- 
lon lividum (Rich.) Fern., and Antennaria howellii. 
Dryas and Arctostaphylos rubra were important in 
the Glacier River forest. Plants were growing on 


Arctostaphylos uva-ursi. 


river gravels covered with little or no humus. 

The montane zone below about 4500 ft elevation in 
Jasper Park and about 4700 ft in Banff Park is 
largely white spruce climax forest except where there 
is fire subclimax of lodgepole pine or quaking aspen. 
Since elevations in this zone are coincident with the 
principal drainage courses, spruce forest thrives on 
the bordering marsh flats. In this type habitat black 
spruce (Picea mariana) is occasionally associated. 
Grasses, sedges, willows, and Labrador tea (Ledum 
groenlandicum), among other herbs and shrubs, make 
up the ground flora. Sporadic individuals of Douglas 
fir (Pseudotsuga taxifolia (Lamb.) Britt.) are pres- 
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ent along the bordering upland. This species was 
noted above the Miette River near Yellowhead Pass 
and in the Jasper area. In this district Douglas fir 
nears the end of its range. 

West of the continental divide in Robson and Yoho 
-arks, the montane zone is below about 3500 ft eleva- 
-acific 
cedar 


tion and is characterized by plants of the 
coast forest (Cooper 1916). Western red 
(Thuja plicata) is most frequent, reaching a size of 
6 ft d.b.h. Engelmann spruce is second in abundance 
while alpine fir, western hemlock (Tsuga heterophyl- 
la), and Douglas fir oceur in lesser numbers. Shrubs 
include Acer glabrum, Oplopanax horridus (Sm.) 
Miquel, Rhododendron, and Menziesia; herbs include 
Dryopteris phegopteris (L.) C. Chr., Equisetum syl- 
Clintonia uniflora, Moneses, and Pyrola 
uliginosa. Along the flood plains of the Fraser River 
in this zone Populus trichocarpa and Salix form 
mixed associes. 

-Plant succession following glacier diminution is 
mentioned in only a general way since part of this 
paper is devoted to that type of vegetation dynamics. 
Deglaciated land areas are invaded by plants soon 
after recession but tree seedlings do not become 
established for about 10 years. Somewhat earlier 
outwash is first occupied by such plants as Saxifraga 
aizoides L., Lychnis apetala, and Epilobium latifolium 
while seedings of conifers and willows, in addition to 
Dryas drummondii and Hedysarum mackenzii, arrive 
subsequently. As the succession progresses stages 
may be recognized, although the whole is continuing 
(Cooper 1916): Dryas _ octopetala-Arctostaphylos 
rubra, Salix-Betula glandulosa, and finally spruce-fir 
subalpine forest climax. 
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INTRODUCTION 


Several hundred glaciers occur in the parks at the 


present time. These represent the remainder of a 
greater number that existed a century ago. Observa- 
tions conducted in the course of this study reveal that 
recession is still in progress and no sign of renewed 
activity is evident. The glaciers vary from several 
hundred feet to approximately 8 mi. in length. Many 
are buried entirely beneath ablation moraine while 
others are relatively free of morainal detritus. They 
may be hanging and avalanche-fed, originate in up- 
land cirques, or rise as ice field discharge, descending 
over up-valley thresholds in ice falls to terminate 
eventually at lower elevations, sometimes in lakes. 
Some glaciers originally did not end in lakes but sub- 
sequently receded through basins which later filled 
with water. The available maps of the parks* show 
that several glaciers descend to 5000 ft in elevation 
and in one instance to 4800 ft, but in no instance do 
they terminate below the subalpine forest zone. Ac- 

* National Parks of Canada: Jasper Park, Alberta, North 


Sheet, 1934 and South Sheet, 1947; Banff Park, Alberta, 1946, 
scale 1:190,080. 
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cording to the classification of Ahlmann (1948a), the 
glaciers are geophysically temperate and morphologi- 
cally of the valley and cirque type. 

The massive ranges along the continental divide are 
the source areas for most of the ice fields and glaciers 
(Fig. 1). Relatively few glaciers occur south of 
Kicking Horse Pass; northwest of the pass they pre- 
vail in large numbers while east and west beyond the 
divide they are less frequent. Twelve ice fields may 
be counted in the parks and it is from these that the 
more prominent glaciers emanate. In Robson Park 
are the Resthaven and Reef Icefields and one un- 
named northwest of the upper Robson River. Note- 
worthy are Chown, Mural, Coleman, and Robson 
Glaciers. The Hooker, Chaba, and Columbia Icefields 
occur in Jasper Park, the last extending into Banff 
Park and British Columbia. The Clemenceau Ice- 
field in British Columbia is contiguous with the 
Chaba; beyond the divide southeast of Maligne Lake 
is an unnamed ice field worthy of mention. The 
larger glaciers in Jasper Park are the Columbia, 
Athabaska, Dome, Chaba, Scott, and Kane, the first 
three being associated with the Columbia Icefield, 
the fourth with the Chaba, and the last two with the 
Hooker. In Banff Park, Saskatchewan Glacier and 
Castleguard Glaciers descend from the Columbia Ice- 
field. Further to the southeast are three ice fields 
along the main range, successively the Lyell, the 
Mons, and the Freshfield. Glaciers with identical 
names arise in these with Freshfield the longest glacier 
in the parks. The Alexandra Glaciers flow from a 
névé that continues north of the Lyell Icefield. Wapta 
Icefield, the next to the southeast, is distributed be- 
tween Banff and Yoho Parks. Peyto and Bow Gla- 
ciers are in the former park while Yoho Glacier is 
in the latter. Waputik Icefield is the southernmost 
along the continental divide. Although it has been 
named for the area in Yoho Park, where it feeds 
Daly Glacier, its névé is continuous in Banff Park 
where Balfour and Waputik Glaciers take rise. South 
of Kicking Horse Pass prominent glaciers are three, 
Victoria, Horseshoe, and Wenkchemna. 

Twelve glaciers, distributed over a distance of more 
than 150 mi. between the Mt. Robson area and the 
Waputik Icefield, provided evidence for dating the 
variations of recent centuries. These are the Robson, 
Angel, Columbia, Dome, Athabaska, Saskatchewan, 
an unnamed at the head of Hilda Creek in northern 
Banff Park, the Southeast Lyell, Freshfield, Peyto, 
Bow and Yoho. As indicated above, nine are related 
to four ice fields. The glaciers range in lengths of 
drainage from 34 mi. with the Angel to 8 mi. with 
the Freshfield and between elevations of 5100 and 
11,000 ft. Their orientation is largely between east 
and north except for the Robson which flows north- 
westerly, the Columbia west-northwest, and the Yoho 
south-southeast; Yoho and Robson Glaciers are west 
of the continental divide while the others are to the 
east. The general characteristics of the glaciers are 
shown in Fig. 3. 
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Fig. 3. General characteristics of glaciers investigated 
in the Canadian Rocky Mountains. A. Length and 
general direction of drainage; empty rectangles show 
amounts of linear recession between maxima and 1953 
positions. B. Altitudinal distribution of drainage; emp- 
ty rectangles represent amounts of terminal recession 
from an elevation standpoint between maxima and 1953. 


HISTORICAL SKETCH 

The following account is taken mostly from Field 
(1949) and Field & Heusser (1954). Records of 
observations during the nineteenth century are scanty, 
and the earliest written account is attributed to James 
Hector who in 1857 was geologist to John Palliser’s 
British North American Exploring Expedition. Hee- 
tor visited Southeast Lyell Glacier in 1858 and de- 
scribed the position of the terminus (Hector 1863). 
Not until the late nineteenth century do further ob- 
servations appear to have been made. Walter Wilcox 
(1900) noted Saskatchewan Glacier from Parker 
Ridge, about 2 mi. distant, in 1896; Jean Habel 
(1898) photographed Yoho Glacier in 1897; and Stut- 
field & Collie (1903) explored and photographed 
many of the glaciers in the course of mountaineering 
in 1897, 1898, 1900, and 1902. 

Early in this century increased interest in the 
glaciers of this region arose and has continued to the 
present decade. Jean Habel (1902) gave the first 
written account of Columbia Glacier as seen in 1901. 
Mary T. S. Schiffer (1908, 1911) followed Habel in 
1907 and in the next year reached Athabaska Glacier. 
Outram (1905) visited Southeast Lyell Glacier in 
1902 at which time Mons Glacier, which by 1953 had 
retreated almost from sight, was joined as a tribu- 
tary. George, William, and Mary Vaux made ob- 
servations on several of the glaciers in British Co- 
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lumbia and Alberta during the first decade (Vaux 
& Vaux 1906, 1907; Vaux 1907, 1909, 1910). In 
1904 William Sherzer (1907) carried out one of the 
earliest and most comprehensive North American gla- 
cier studies, taking into account the Victoria, Wenk- 
chemna, and Yoho Glaciers in addition to the Ilecille- 
waet and the Asulkan in the Selkirk Mountains west 
of the main range. Wheeler (1907) began a series 
of studies on Yoho Glacier in 1906 that continued 
intermittently into the 1930’s (Wheeler 1908, 1910, 
1911, 1913, 1914-1915a, 1920a, 1931). He also studied 
Robson Glacier (Wheeler 1912, 1914-1915b, 1923) 
and wrote several summaries on the glaciers and their 
variations (Wheeler 1920b, 1931, 1933). Robson 
Glacier terminus had been examined in 1908 by A. P. 
Coleman (1910) while in 1914 it had come under the 
scrutiny of Cooper (1916). During the period 1903 
to 1924 many of the glaciers in the parks were photo- 
graphed by teams of surveyors concerned with the 
interprovincial boundary. These photographs are 
now in the hands of the Surveyor General, Depart- 
ment of Mines and Technical Surveys, in Ottawa. 

A number of glaciers was photographed by William 
O. Field in 1922, and during the summers of 1948 
and 1949 he began carefully to map and photograph 
the Columbia, Athabaska, and Saskatchewan Glaciers 
(Field 1924, 1949). His work has continued in con- 
nection with the present study. J. Monroe Thorington 
also visited the parks early during the 1920’s on 
several occasions as well as in later years and re- 
ported his observations, particularly of Southeast 
Lyell, Freshfield, and Saskatchewan Glaciers (Thor- 
ington 1925, 1927, 1931, 1938, 1945; Ladd and Thor- 
ington 1924). Howard Palmer traveled to Columbia 
Glacier in 1920 and 1924 and to the Freshfield in 
1922 (Palmer 1924a and b, 1924-1926, 1925). During 
the 1930’s the status of certain glaciers was published 
by A. A. MeCoubrey (1937). In 1945 detailed sur- 
veys of run-off, glacier movement, and glacier varia- 
tion were begun by the Dominion Water and Power 
Bureau on Angel, Athabaska, Saskatchewan, Fresh- 
field, Lyell, Peyto, Yoho, and Victoria Glaciers among 
others (McFarlane 1946, Meek 1948a and b). This 
work has been repeated for Athabaska, Sackatchewan, 
Freshfield, Peyto, and Victoria Glaciers during sub- 
sequent years, the last observations being made in 
1954 (Dominion Water and Power Bureau 1948, 
1949, 1951, 1954). During the present decade, be- 
this government project just mentioned, a 
group from California Institute of Technology has 
been engaged in glaciological research on Saskatche- 
wan Glacier during the summers of 1952, 1953, and 
1954 (Meier, Rigsby & Sharp 1954). The variations 
of Scott Glacier which drains into the Whirlpool 
River in Jasper Park have also been reviewed (Math- 
ews 1953a, Schafer 1954). 
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METHODS 
The progress of a glacier, which during an interval 
of reactivation flows out of a cirque or ice field, is 


such that the mass gradually undergoes lengthening, 
Widening, and thickening. 


As the glacier continues 








to advance downward and outward along the bed of 
a valley, gouging, plucking, and scouring the under- 
lying rock, the ice along the margin of the tongue 
and on the flanks is destructively thrust upon the 
path on which the glacier is moving. Where the ice 
descends into forest, trees are uprooted or overridden. 
If the valley is steep-walled, avalanches may fre- 
quently shear through the forests bordering the ice, 
and in time the margins of the glacier will be covered 
by lateral moraines consisting of rock, soil, and plant 
mats along with the litter of dismembered trees and 
shrubs. The superglacial and englacial debris picked 
up by the ice is transported for a time and eventually 
dumped. As long as the alimentation of the glacier 
is not exceeded by wastage, the mass should continue 
to increase whereas if this relationship reverses, re- 
cession becomes manifest. 

The maximum stand of the ice is usually marked by 
terminal and lateral moraines. Along certain glacier 
margins lateral moraines may not form or remain for 
long because of slope steepness; a terminal moraine 
may likewise be absent, having been flushed away by 
melt-water issuing from a retreating ice front. Where 
both types of moraines are lacking, the glacier maxi- 
mum can be determined by the location of a trimline. 
This is the boundary between terrain bearing either 
mature or youthful vegetation and that denuded o 
bearing relatively younger vegetation and formed as 
a consequence of increase and subsequent decrease in 
size of a glacier.» It is along this boundary that 
evidence may be located for determining the date the 
glacier last advanced while attaining its uppermost 
and outermost positions. The techniques used in the 
course of this study have been described largely by 
Lawrence (1946, 1950b) and by Mathews (1953b). 

The ice at the height of advance may continue. to 
push down trees along its edge while at the same time 
tilting others that may remain alive after the glacier 
has withdrawn. The trees that were tilted and persist 
in growing eventually recover their erect habit al- 
though they appear bowed. Cross-sections removed 
from the lower trunks of such trees are taken for 
study of the peculiar growth configuration they 
usually exhibit. While these trees are growing erect 
the annual wood layers are produced uniformly in 
concentric fashion about the growth axis; after tilt- 
ing growth becomes eccentric. In conifers the annual 
layers are thin toward the upper side of the trunk 
and thick toward the lower; in broad-leaved trees this 
relationship is reversed and the thick layers are above 


a) 


the growth axis. 

The date of ice-thrust can thus be determined from 
the age of the earliest annual ring conforming to the 
eccentric pattern. Care must be taken in choosing a 
tree for study since wind and creeping snow may 
cause tilting and bowing as indicated by Daubenmire 
(1947). Some trees show signs of scarring by ice 
and may be equally as useful as the tilted specimens. 
Such trees are also sectioned, and the number of 
through correspondence with Dr. 


5 Definition arrived at 


Donald B. Lawrence of the Department of Botany, University 
of Minnescta. 
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annual layers produced in the course of healing 
over serves to identify the year when the wound was 
inflicted. Sections are subsequently sanded either 
by hand or machine and examined under a magnify- 
ing lens. 

During the work reported in this paper it was 
common practice to walk the trimline in search of 
suitable trees. These are not always to be found; in 
some cases several trees may be located along a single 
trimline and a section taken from each. It is advisa- 
ble to cut as many sections as there are trees availa- 
ble, since dates of ice advance will vary at different 
localities along the same line. This condition re- 
sults from local glacier surges that more often affect 
trees bordering up-glacier. 

The oldest tree on the surface outside the trimline 
provides the minimum time since ice may have been 
further advanced. In ancient forest six or more 
centuries usually may be ascertained. Age determina- 
tions are made using Swedish (Djos) increment 
borers. Cores are taken into the growth axis at the 
very base of each tree so as to insure attaining the 
maximum age. Largest trees may not be the oldest, 
and it is imperative that adequate sampling be ear- 
ried out. In the course of the work hundreds of 
cores are removed. Since these cannot be examined 
carefully in the field, each is temporarily stored in a 
convenient container such as an aluminum tube corked 
at both ends and numbered, as described by Marr 
(1948). Later after returning from the field cores 
are glued into grooves on boards especially prepared 
for this purpose. Sanding the cores with fine grade 
sandpaper is essential. Corroborative data useful in 
establishing the age of a surface are furnished by 
the presence of open-grown trees, indicative of a 
successional community, or trees characteristic of a 
mature closed forest, the presence or absence of tem- 
porary species, the number of size classes represented, 
the amount of accumulated organie litter on the forest 
floor, and the state of development of the soil profile. 
This information is helpful when heart wood in trees 
is rotten and cores cannot be removed intact. 

Inside the trimline the trees become younger as the 
edge of the glacier is reached. Prior to observations 
by early travelers, tree ages provide the only means 
for reconstructing the earlier positions of the ice 
front. Intervals of renewed but short-lived activity 
during over-all retreat are indicated by recessional 
moraines between ‘the outermost trimline and_ the 
glacier. These commonly are in the form of arcuate 
ridges often consisting of numerous humps and hol- 
lows. Since they are better drained and offer some 
protection from down-valley winds, trees tend to be- 
come established on the moraines sooner than on the 
level exposed outwash. 

A factor necessary for an accurate dating of a 
moraine is the length of time that ensues after the 
ice retreats and before the earliest seedlings become 
established. This determination is fraught with cer- 
tain difficulties as trees may seed in on ablation 
moraine overlying stagnant ice at the snout of a 
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nadian Rockies this period of conditioning was as- 
certained wherever possible during the study, and a 
range of 12 to 17 years is evident. 

Some difficulty was experienced in reaching the 
growth axis at the bases of certain trees; in some 
instances, because of lack of space, coring above the 
base was necessary. In both cases allowances were 
made for the differences between the ages obtained 
and the true age of the tree. Curves were prepared 
showing the approximate relationship of basal radial 
growth and height to age (Fig. 4). Data on height- 
age relations are incomplete as time in which to 
obtain this information was not always available in 
the field. Fig. 4a is based on 139 measurements and 
Fig. 4b on 49. Thus, in arriving at the absolute date 
of a moraine or surface, ecesis time, and sometimes 
the foregoing allowances, had to be added to the time 
represented by the tree cores. 

Trimlines, moraines, and other glacier features con- 
sidered in this study, with the exception of the Angel, 
the unnamed at Hilda Creek, and the Bow, were 
mapped by William O. Field while the dating was in 
progress. At these other places, written accounts, 
dated maps, ground photography, and aerial photog- 
raphy by the Royal Canadian Air Force, constitute 
the basis for estimating the amounts of recession with 
time. 





LOCATION, CHARACTERISTICS, AND RECENT BEHAVIOR 
Robson Glacier 

The positions of Robson Glacier terminus during 

the last several centuries were recorded more com- 

pletely than for any of the other glaciers included in 



































Robson Glacier is the northernmost mass treated in 
this program and the only ice body studied in Robson 
-ark (Fig. 1). Besides Yoho, it represents the only 
other glacier under consideration whose drainage 
flows to the Pacific Ocean. All others eventually 
drain into Hudson Bay or the Arctic Ocean. Robson 
drainage flows into the Fraser River which reaches 
the Pacific at Vancouver. The terminus is reached by 
pack train from the vicinity of Mount Robson Station 
which is on the Canadian National Railways. The 
trip requires a full day of travel up Robson River 
via Kinney and Berg Lakes. Mt. Robson (12,972 ft) 
forms the outstanding feature of the region. 

The glacier rises on the northeast slopes of this 
mountain and the northern side of Resplendent Mtn. 
(11,240 ft), all of which is called “Robson Cirque.” 
Several ice streams in this cirque become joined at 
8000 ft elevation and subsequently form Robson 
Glacier which descends northwesterly for a distance 
of over 344 mi. to a terminus at 5500 ft (Fig. 5). 
This latter is adjacent to the interprovincial boundary 
and above the outwash flats of upper Berg Lake. The 
shoulders of Rearguard (9000 ft) to the southwest 
and of Titkana Peak (9283 ft) to the northeast bound 
the lower tongue. Sheet 32 of the Interprovincial 
Boundary Commission (1 :62,500) clearly shows the 
features in this area.® 

At a time prior to the last outflow of the glacier, 
forests thrived in the valley where Robson ice is now 
withdrawing. Remnants of this forest were discovered 
in situ, partially exhumed through stream erosion 

® The sheets referred to in this instance and subsequently 


in this section are those prepared from Surveys made in 1903, 
1906, and between 1913 and 1924, 
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Fig. 5. Robson Glacier in July 1953 from the shoulder 
of Mt. Mumm. Trimlines represent the maximum of the 


glacier in the late 1700’s. 
William O. Field 


from beneath the outwash. These were located on the 
northeast side of the main drainage of the glacier and 
approximately 1400 ft from the terminal moraine. 
The age of a living tree growing nearby indicated that 
ice retreat occurred from this position about 1922. 
The remains of one of the interfluctuational spruces, 
which measured almost 1 ft d.b.h. and 135 years, was 
sent to Lamont Geological Observatory for radio- 
carbon analysis and age determination. According 
to J. Laurence Kulp,’ the tree died 450 + 150 years 
ago. This approximates the time of Robson Glacier 
advance at this location between the mid-fourteenth 
and mid-seventeenth centuries. That glacier ad- 
vance caused the death of the trees is affirmed by 
their upper trunks having been sheared off in place 
by overriding ice. The trunks that remain are tilted 
up-glacier and were apparently toppled in that di- 
rection as the ice front encroached nearby. Burial of 
the lower trunks by gravel seems to have preceded the 
direct overriding. Shearing in a down-glacier di- 
rection is shown by the manner in which the wood 
was splintered. These are the only interfluctuational 
remains in the outwash seen by our party. 

Robson Glacier may have fluctuated as the terminus 
continued to extend outward after reaching this posi- 
tion between about 1350 and 1650. After reaching 
its maximum size, it is unknown for what length of 
time the glacier maintained this condition before 
receding in about 1783. Seven trees cored on the 
terminal moraine plus an amelioration period of 12 
According to the ages of 8 


years provide this date. 
trees growing in the ancient forest outside the termi- 
nal moraine, the glacier has not penetrated beyond 
the limit of the moraine for at least four centuries. 
It is also probable that the ice has not been further 
forward for over four centuries, since the radiocarbon 
date for the interfluctuational tree remains indicates 


7 Personal communication in a letter dated 8 March 1954. 
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that the glacier was only advancing 1400 ft up-valley 
on 135-year-old trees between 1350 and 1650. The 
maturity of the ancient forest is drawn not alone 
from the ages of the trees but also from the presence 
of rotten fallen timber and thick mosses and litter on 
the forest floor, as well as the relatively few species 
composing the herbs, shrubs, and trees. The forest 
is dominated by Engelmann spruce which attains 
sizes up to 75 ft in height and 16 in. d.b.h. Alpine 
fir was not noted as reaching any sizes comparable to 
spruce. Its habit is to layer and consequently it 
forms a thick cover with erect boles up to about 10 ft 
high. 

Mixed with fir are lesser amounts of Rhododendron 
and Vaccinium membranaceum. Most of the immedi- 
ate ground cover is formed by mosses, Salix reticulata, 
Empetrum and Cassiope tetragona. The presence of 
the following was also conspicuous: Lycopodium an- 
notinum, Shepherdia, Cornus, Moneses, Pyrola secun- 
da, and Menziesia. Where openings occur in the 
canopy the composition may be altered so that the 
following are found in place of, or mixed with, the 
above: Salix, Hedysarum mackenzii, Pyrola asari- 
folia, Arctostaphylos rubra, Castilleja pallida, Pedi- 
cularis montanensis, and Lonicera involucrata (Rich- 
ards.) Banks. 

In front of the terminal moraine, ancient forest is 
limited to the down-valley slope of the knob in the 
forward part of the area earlier occupied by Robson 
Glacier. Beyond this on the flats above Berg Lake, 
trees and shrubs are largely successional following 
the disturbance brought about by the washing out of 
sands, silts, and gravels from the ice front, particular- 
ly when it was at its maximum. Some old trees of 
the earlier forest are yet growing, however, poorly; 
Several trees were cored for ring 
decom- 


others are dead. 
counts, but in almost all cases heart rot had 
posed and hollowed the inner trunks. The glacio- 
fluvial material about the bases of the trees on the 
flats directly below the aforementioned ancient forest 
is about 5 ft deep. This fact was determined from 
a columnar hole with flanged base which was once oe- 
eupied by a tree trunk that since had rotted out. 

Terminal and recessional moraines appear along 
the northwestern portion of the glacier maximum 
whereas elsewhere they are poorly developed or ab- 
sent. On the aforementioned rock knob the moraines 
follow in close order. The stream draining the ice 
has dissected the moraines southwest of the knob so 
that they are exposed in sections. Only the portions 
on the north side of the stream were examined by our 
party. 

The terminal is generally curved and hilly with 
some low pockets. Where the stream is eroding, an 
8 ft bank is displayed while away from the stream 
the moraine rises to about 15 ft in height. Occasional 
dried-up depressions are tobe found which are oe- 
cupied by snow melt-water in late spring. 

Considerable variation in the type and degree of 
plant cover exists between the ancient forest and the 


terminal moraine. Vegetation on the terminal has 
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more of a relationship with that on the successively 
younger moraines. The oldest trees on this surface 
have been growing for over 150 years. Of the 13 
species comprising the ancient forest only 4 are found 
on the terminal moraine: spruce, fir, Salix reticulata, 
and Shepherdia. This comparison does not take into 
account the successional entities that invade openings 
resulting from wind-throw in the ancient forest. 

Spruce, the dominant tree is between 50 and 60 ft 
tall and 18 in. d.b.h. Alpine fir is low and layered 
and does not exceed about 8 ft in height. Salix in the 
understory is either dead or dying out. Birch (Betula 
glandulosa) is the predominant shrub with Salix and 
Arctostaphylos of secondary importance. The rosace- 
ous Dryas drummondii along with Shepherdia and 
Hedysarum are successively less important. Plants 
on this moraine in addition to those above are lodge- 
pole and whitebark pines, Juniperus, Trisetum, Carex 
gynocrates, Fragaria glauca, Dryas octopetala, Py- 
rola, Castilleja, Pedicularis, Solidago multiradiata, 
and Antennaria howellii. 

The first recessional moraine is distinct where the 
stream draining the ice has cut and exposed it in 
section to a height of 6 ft above the stream bed. 
Where the moraine continues beyond the stream it be- 
comes less distinet as it is connected in places with 
the piles of debris composing the terminal moraine. 
Ages of three large spruce trees indicate the moraine 
was formed about 1801. These spruces are not so 
large as those growing on the terminal moraine; 
heights are about 50 ft with as much as 16 in. d.b.h. 
In many respects this moraine is like the terminal, 
All 


even though it was built about 20 years later. 
the species of plants listed for the one are found on 
the other with only service-berry (Amelanchier flori- 


da) additional. The proportion of birch and alpine 
fir decreases, however, and the ground cover is rela- 
tively sparser. For the surface between the first and 
second recessional moraines, cores from four trees 
gave an ice recession date of about 1806. 

Approximately 60 years elapsed before the forma- 
tion of the second recessional. An abrupt change oc- 
curs in the stature of the trees; spruces measure at 
best only 20 ft in height and 9 in. d.b.h. Ten spruces 
growing on this moraine show that it was freed of ice 
about 1864. Another species of Arctostaphylos (A. 
wva-ursi), not found on the preceding moraines, is 
encountered while alpine fir, Amelanchier, Shep- 
herdia, and Pedicularis are not present in the plant 
cover. Two species, Dryas drummondii and Arcto- 
staphylos rubra, along with Salix are the most notice- 
able members of the vegetation while Hedysarum, 
Arctostaphylos uva-ursi, and Castilleja share equal 
‘ank. This moraine is about 10 ft high 
where it borders the stream which divides the out- 
wash while a narrow draw separates it from the third 
recessional. Cores of 16 trees growing in the draw 
indicate that ice vacated about 1877. 

The third recessional moraine is the highest and 
most massive. Its down-valley front is rather abrupt 
whereas toward the glacier the moraine is gently 
Along the stream bed a section is about 30 


secondary 


sloping. 
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to 35 ft thick. Spruces are about breast high on 
this moraine, and as shown from cores of 15 of 
these trees, ice waned from this position about 1891. 
The plant cover changes somewhat in that both species 
of pine noted on the previous moraine are not present, 
and Carex gynocrates and Arctostaphylos uva-ursi 
are likewise lacking. Quaking aspen, poplar (Popu- 
lus sp.), and Epilobium latifolivm are found anew 
at the same time. On this moraine Salix, Dryas drum- 
mondii, and Hedysarum are most abundant. 

The fourth recessional is continuous with the third 
but is a smaller moraine about 20 ft thick. It ap- 
pears to have formed by a slight readvance or tempo- 
rary halt of the ice front while the glacier was re- 
ceding shortly after having built the third recessional. 
The up-glacier portion consists of small mounds of 
debris with plants growing between and in broad de- 
pressions whereas the opposite slope is bordered in 
part by a low place that is flooded during the spring 
of the year. According to the ages of 5 trees studied 
on this surface, ice withdrew about 1907. Salix and 
Hedysarum are most common. On this and younger 
moraines, Dryas octopela, Fragaria, Pyrola, and 
Antennaria are absent. 

A broad, essentially flat drainage channel separates 
the fourth and fifth recessionals. Much of it is bare 
of plant life. For a time when the ice front rested 
at this place, about the first and second decades of 
this century, a considerable volume of water must 
have passed through the course although none occurs 
at the present time. 

The fifth recessional moraine was formed about 
1912. As indicated by 8 spruces growing on it. In 
1916 Cooper indicated that the ice at the time of his 
study in 1914 rested on the fifth recessional, but also 
implied that it was partly exposed by stating: “The 
fifth moraine, upon which the ice now rests, is very 
difficult of access because of the outlet stream, and is 
probably entirely bare of vegetation.” The stream- 
dissected exposure is estimated 20 to 25 ft in thick- 
Elongated mounds aligned in the major di- 
rection of glacier flow show up particularly on the up- 
valley but also on the down-valley slopes. These ap- 
pear to have formed by dumping of crevasse fillings 
as the glacier melted out at these places. Juniperus, 
Betula, and Solidago which are present up to the 
fourth moraine have not invaded. Plants not observed 
on the fourth recessional but present on this surface 
are Cystopteris fragilis (.) Bernh., Lychnis apetala, 
Saxifraga oppositifolia L., and Dryas integrifolia. 
Hedysarum is most abundant in the plant cover with 
Salix, Dryas drummondii, and Castilleja also note- 
worthy. The leguminous Hedysarum possesses root 
nodules which presumably are capable of producing 
nitrogen. This attribute is undoubtedly important in 
conditioning the edaphie environment for succeeding 
plants. Hedysarum produces a large tap root which 
is a firm anchor once the plant is established. Another 
legume, Lupinus nootkatensis Donn., has a similar 
role on outwash of many of the glaciers in southern 
Alaska. 


ness. 
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Subsequent positions of the ice front are known 
largely from observations made in 1908 (Coleman 
1910), 1911, 1913, 1914, 1922, and 1931 (Wheeler 
1912, 1914-1915b, 1923, 1931; Cooper 1916). A sixth 
recessional moraine which is fragmentary was formed 
about 1922. Morainic piles which may be considered 
those of a seventh recessional date about 1931. Be- 
tween this position and the 1953 ice front are two 
additional small moraines that are suggestive of very 
minor fluctuations during retreat. The first of these 
seems to have formed during the late years of the 
1930’s while the second during the late 1940’s. The 
second is directly before the ice front and bounded on 
either side by streams that emerge from a cave along 
the northeastern ice margin. These may be termed 
the eighth and ninth recessionals, respectively. Field 
(Field & Heusser 1954) has measured the total reces- 
sion between 1783 and 1953 to be 3338 ft. 

Plants on the outwash in front of the fifth reces- 
sional consist largely of spruce, Populus, Salix, Hedy- 
sarum, Dryas drummondii, and Arctostaphylos. The 
earliest plants observed are about 300 ft from the 
terminus and were noted as: Trisetum, Salix, Saxi- 
fraga (S. oppositifolia, S. aizoides), and Epilobium. 

In his classic ecological study, carried out almost 
40 years before on the portion of Robson outwash ex- 
posed at that time, Cooper (1916) described three 
stages in the succession to climax forest. These were 
(1) Dryas-Arctostaphylos, (2) Salix-Betula, and (3) 
Picea-Abies-Pinus (P. albicaulis). The first stage 
is referred to the third recessional, the second stage 
to the second recessional, and the third stage to the 
terminal moraine.* No stages were designated for 
moraines formed more recently. 

The scheme followed in this paper is essentially 
similar to that of Cooper although refinements have 
led to an expanison of his three-stage succession to 
five stages. These from youngest to oldest are Hedy- 
sarum-Salix-Dryas, Salix-Dryas-Arctostaphylos, Sa- 
lix-Betula-Arctostaphylos, Picea-Betula-Salix-Arcto- 
staphylos, and Picea-Abies-Pinus. Hedysarum-Sa- 
lix-Dryas stage is characteristic of the fifth and third 
recessional moraines; Hedysarum-Salix, a facies of 
the preceding, occupies the fourth recessional; Salix- 
Dryas-Arctostaphylos, the second; Salix-Betula-Are- 
tostaphylos, the first; Picea-Betula-Salix-Arctosta- 
phylos, the terminal; and Picea-Abies-Pinus, the cli- 
max forest. 

Angel Glacier 

This is the northernmost glacier studied in Jasper 
Park (Fig. 1). It is also the smallest in area of all 
the glaciers for which fluctuations were recorded in 
this program. Originating in a cirque on the north- 
ern shoulder of Mt. Edith Cavell (11,033 ft), the ice 
flows northeasterly over the narrow lip of a solitary 
outlet and cascades steeply toward the valley floor 
(Fig. 6). The hanging terminus in 1953 reached al- 
most to the outwash below the wall of the mountain 


8 In Cooper’s designation of the moraines, he numbered five, 
beginning with the terminal moraine as number one, and did 
not consider the first recessional treated as distinct in this 
paper. His number two moraine is our second recessional and 
so forth. 


Fic. 6. Angel Glacier on the north side of Mt. Edith 
Cavell in August 1953. Hanging tongue has become 
disconnected from stagnant valley ice. 


William O. Field 


where a small body of stagnant ice has separated and 
is melting away. Several cones of ice and rock are 
below the ice fall and on the upper outwash. The 
glacier tongue descends to about 7000 ft elevation and 
recently at its outermost position extended to below 
5800 ft. The nourishing basin which is fed to a 
large extent through avalanching is between approxi- 
mately 7300 and 8300 ft. The present area of Angel 
Glacier is less than a square mile; at the time of recent 
maximum size it was about twice as extensive or about 
114 sq. mi. Recession from the terminal moraine to the 
stagnant ice has amounted to 2300 ft. Early measure- 
ments and observations were made by E. M. Kindle in 
1927 and E. L. Perry in 1929 (Kindle no date). 
Angel Glacier is reached by road from the Banff- 
Jasper Highway, 8 mi. south of Jasper. 

Some activity was recorded for the tongue. Blocks 
of ice had broken off and collected atop the cones 
against the mountain slope. During the two days 
studies were carried out, several small avalanches 
from the ice front were seen. At such times it ap- 
peared that quantities of melt-water, trapped engla- 
cially, had been suddenly released. 

A few streams issue from beneath the stagnant ice. 
These join and cross the outwash, joining in turn 
further down near the terminal moraine a small 
stream flowing from the slopes to the east. During 
the outermost stand of the glacier, drainage was 
blocked along the upper eastern lateral moraine so 
that a small bog formed. Draining outward from the 
terminal moraine is Cavell Creek which after passing 
through Cavell Lake less than a mile below the mo- 
raine reaches Astoria River, a tributary of the Atha- 
baska. When the glacier stood at the position of the 


outermost moraine, large amounts of glacio-fluvial 
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debris which in part later built the moraine were 
washed through to form a delta at the upper end of 
the lake. Buttresses of tree trunks in the forest be- 
low the moraine were partially buried. Some trees 
were killed, although many in this ancient forest 
were not affected. Heart rot may have been induced 
at this time, since it was found that most trees below 
the moraine were not healthy through to their growth 
axes. The oldest trees are over 350 yrs in age and 
measure over 2 ft d.b.h., indicating that ice has not 
been further forward than the terminal moraine for 
at least an equivalent time. 

No ice-tilted trees for determining the time of maxi- 
mum advance could be located, but dates for with- 
drawal of ice from terminal and recessional moraines 
are at hand. Since a greater number of recessional 
moraines could be dated, it was possible to develop a 
reasonably complete account of the fluctuations of 
this glacier. The construction of buildings and a 
road, bordering the eastern part of Cavell Creek in 
the terminal moraine, brought about disturbance of 
natural features which may otherwise have added to 
the information obtained in this investigation. 

The earliest date of ice recession is figured to be 
about 1723; this is for that portion of terminal mo- 
raine farthest down-valley. Along the outermost 
lateral moraine bordering the ancient forest to the 
east, a later date is given as 1763 while further up- 


glacier an even later date is 1845. This latter may 


be too recent owing to the fact that the moraine here 
is quite exposed and the material of the moraine is 


coarse, accordingly lacking a suitable edaphic en- 
vironment, thus disfavoring plant succession. Be this 
as it may, the progress of lateral wastage appears to 
have taken place up-valley from the terminal moraine. 
The first recessional moraine is dated 1783 down- 
valley whereas along the margin of the outermost 
lateral moraine to the east, the date determined is 
1776. This fluctuation occurred while the ice was 
still in proximity to the terminal moraine. The 
second recessional is best developed along the eastern 
side of the outwash, as are successive moraines. Be- 
hind the first recessional farthest down-valley, mo- 
raines are disordered and thereby not suitable for dat- 
ing. The second moraine to the east is dated 1871. 
Between this moraine and the first recessional is an 
that further down-valley 
On the inner side of the 


abandoned stream course 
has cut through the latter. 
second recessional moraine is the tributary stream to 
Cavell Creek. A complex of moraines occurs beyond 
the stream. No precise pattern is apparent. The 
oldest tree sampled indicated, however, that the ice 
front stood at this position in about 1901. Up- 
glacier where the outermost moraine was dated 1845, 
four recessionals are found, although none of these 
could be dated owing to the absence of trees. An 
amelioration interval of 10 years was applied to trees 
dated on the outwash. The age of the oldest tree 
at the known 1927 position of the terminus is the 
basis for this figure. A total of 33 cores provided 
the variation data. 
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Engelmann spruce and alpine fir compose the 
ancient forest. Notable associates are: Lycopodium, 
Juniperus, Luetkea pectinata, Fragaria, Empetrum, 
Pyrola Rhododendron, Phyllodoce glan- 
duliflora, Menziesia, Cassiope mertensiana, and Vac- 
cinium (V. membranaceum, V. Up-gla- 
cier, the plants in the subalpine bog-meadow formed 
by Angel Glacier, and later by the outer moraine, 
blocking the drainage are: Lycopodium alpinum, 
chamissonis, E. angustifolium, Carex 


secunda, 


scoparium). 


Eriophorum 
nigricans, Juncus drummondii, J. mertensianus, Poly- 
gonum viviparum, Anemone occidentalis, Caltha lep- 
tosepala, Parnassia fimbriata, Leptarrhena pyrolifolia, 
Epilobium anagallidifolium L., Empetrum, Pyrola 
asarifolia, Phyllodoce, Cassiope, Vaccinium membra- 
naceum, Veronica wormskjoldii, Valeriana sitchensis, 
Erigeron peregrinus, Artemisia frigida, Petasites 
sagittata, and Arnica alpina. 

Many of the plants listed for the peripheral area 
occur on the outermost moraine (dated 1723-1763). 
Those plants of the ancient forest (not including the 
subalpine bog-meadow) given in the above paragraph 
were observed on this surface with the exception of 
Juniperus, Fragaria, and Luetkea; Petasites was 
additional. On the first recessional moraine (dated 
1776-1783) those plants found on the terminal mo- 
raine are present except for Lycopodium; new en- 
tities are Oxyria digyna, Epilobium, Ledum groen- 
landicum, and Cassiope tetragona. The second reces- 
sional moraine (dated 1871) possesses the plants of 
the previous moraine, although neither Ledum nor 
Vaccinium was noted. The successively younger re- 
cessional complex (dated 1901) possesses a plant 
cover much like that of the second recessional although 
Empetrum, Pyrola, and Petasites are absent while 
both species of Vaccinium are again noted. Addi- 
tional plants heretofore unobserved on the moraines 
are: Cystopteris, Cryptogramma acrostichoides, Trise- 
tum, Phleum alpinum, Juneus, Dryas drummondii, 
and Artemisia. On surfaces postdating these mo- 
raines, the plants established are Engelmann spruce, 
Juneus, Salix, Oxyria, Epilobium, Phyllodoce, Men- 
ziesia, Cassiope (C. tetragona, C. mertensiana), and 
Vaccinium membranaceum. In all the preceding as- 
semblages, whether noted or not, Picea and Salix are 


present. 


Columbia Icefield 

As the most extensive névé area in the North 
American Rocky Mountains, the Columbia Icefield 
covers approximately 110 sq. mi., almost one-half of 
which has elevations exceeding 8500 ft (Field 1949). 
Mt. Columbia (12,294 ft) is the highest summit in 
the vicinity, and most of the névé is generally east 
of this point (Fig. 1). Sheets 21, 22, and 23 of the 
Interprovincial Boundary Commission show the ice 
field as a central mass from which two projections 
extend, one westward to the neighborhood of Mt. 
King Edward (11,400 ft) and the other northwest- 
ward to just beyond Mt. Stutfield (11,320 ft). The 


Twins (12,085 ft and 11,675 ft), Mt. Kitchener 
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(11,500 ft), The Snow Dome (11,340 ft) and Mt. 
Castleguard (10,096 ft) are prominent regional peaks 
that either border the field or form an integral part 
of it. Since it was possible to date the variations of 
four major glaciers rising from this névé, the Co- 
lumbia, Dome, Athabaska, and Saskatchewan, each 
of which flows from a separate sector, the record 
shows the extent to which the behavior of glaciers 
from an individual ice field may be synchronous. 

Columbia Glacier—This ice tongue flows west- 
northwesterly along a path which may be considered 
the bisection of the angle between the western and 
northwestern projections of the ice field (Fig. 1). 
Interprovincial Boundary Commission Sheet 22 shows 
the length of the glacier as approximately five miles 
between elevations of 5000 and 9000 ft. Its aecumu- 
lation zone exceeds 11,000 ft, in which ease its 
length of drainage may be extended two or more miles. 
The glacier with an ice fall near its head is the 
product of overflow from the ice field and partially 
from avalanches down the northern shoulder of Mt. 
Columbia. It is the principal source of Athabaska 
River. 

No terminal moraine is evident at Columbia Gla- 
cier. Two groups of massive boulders, a small mo- 
‘rainal mound, the termini of the trimlines on the 
valley fioor, and the location where the Athabaska 
River fans out into a braided drainage, suggest where 
the ice formerly extended. Below this position a 
broad valley train extends for several miles. Up- 
valley, old stream courses in the outwash are scars 


of earlier dissection. Four noteworthy recessional 


moraines occur between the terminal position and the 
1953 ice front; these are seen to better advantage on 
the north side of the river. The glacier now termi- 
nates in a lake which began forming in the early 
1920’s (Fig. 7). 


The margins are moraine-covered 





Fic. 7. Columbia Glacier in August 1953. Trimlines 
mark the location of the margins of the glacier in the 
early eighteenth and early nineteenth centuries. 


while the middle stream consists of white ice that in 
places is deeply eroded by melt-water. Trimlines and 
lateral moraines are conspicuous over the length of 
the glacier except where avalanches have erased these 
features. A glacier to the south of the lake was 
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once a tributary of the Columbia. This ice has no 
connection with the Columbia Icefield and receives 
its nourishment by means of avalanches from the 
slopes between Mt. Columbia and Mt. King Edward. 
Habel (1902) referred to the glacier as the “Mani- 
toba.” 

Habel (1902), Schiffer (1908), Palmer (1925, 
1924-1926) and Field (1949) have recorded the loca- 
tion of the terminus in 1901, 1907, 1920, 1924, and 
1948 while in addition the Interprovincial Boundary 
Commission photographed the glacier in 1919. The 
variations prior to these observations were determined 
from tree cores. A total of 55 trees was dated. The 
ages of 14 trees are from the vicinity of the north and 
south trimlines while the remaining ages are from 
trees growing on moraines on the valley floor. What 
was presumed to be the oldest tree at a particular 
station served to date the surface, after a condition- 
ing factor of 14 years had been added to its age. 

The earliest recession of the ice from its maximum 
stand occurred in the early eighteenth century. This 
was from the north trimline near its termination 
down-valley and is dated as about 1724. At no time 
during four centuries earlier had the glacier been 
further forward. Directly across the valley on the 
south trimline, recession began about 1763. “Mani- 
toba” Glacier may have been responsible for main- 
taining the maximum ice front longer on this margin. 
As noted previously, no trees were found growing 
on any remnants of the terminal moraine, so that no 
information could be obtained for recession from 
the very floor ef the valley. Behind the interpreted 
location of the outermost terminus and a short dis- 
tance south of the river, are two groups of trees. 
The age of the oldest tree would imply that the ice 
receded in 1796. These three dates from the vicinity 
of the outermost ice suggest that recession was earliest 
from the north trimline, subsequently from the south 
trimline, and lastly from mid-valley. 

Progressive recession followed until a readvance 
occurred in 1842 that attained proportions almost as 
great or greater than those of the eighteenth century. 
This date is given by Dr. Donald B. Lawrence of 
the Department of Botany, University of Minnesota, 
from a section of a tilted tree cut by William O. Field 
in 1948. The specimen is from the south trimline 
above the valley occupied by “Manitoba” Glacier. 
The nineteenth century advance pushed close to the 
maximum on the north trimline down-glacier and 
subsequent retreat is dated about 1854. No infor- 
mation is available from the north trimline up-glacier 
either for the eighteenth or nineteenth century ad- 
vances.. Down-glacier on the south side of the river, 
the ice was less effective. It reached close to the 
earlier presumed maximum at mid-valley, formed a 
small moraine, and later withdrew about 1864. 

Columbia Glacier since 1864 and up until 1924 
has formed several moraines, four of which are dated 
about 1871, 1907, 1909, and 1919. No moraines were 
noted between this latter and the 1953 ice front, al- 
though the terminal lake occupies a large portion of 
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this intervening area, and it is possible they may be 
submerged. Field’s measurement of total 
since the recent maximum amounts to approximately 
4700 ft (Field & Heusser 1954). 

The plant cover over much of the outwash is domi- 
nated by Dryas drummondii, particularly down-val- 
ley from the ice maximum. In this latter area the 
plant forms an almost continuous mat, and the shift- 
ing streams have maintained it as a pioneer. Few 
trees grow on the valley floor for miles below the 
maximum, except along the margins where a seed 
source is available. The general absence of trees in 
this area appears to be a result of inadequate pro- 
tection against the cold down-valley winds that de- 
scend from the ice field. Trees in protected places 
between morainal piles grow erect but are wind- 
trained or sheared by snow-blasting where they stand 
above the winter snow cover. The distance from the 
seed source and the recency of stabilization in the 
forward outwash must also be considered. At several 
places in this same area, trunks of trees a few feet 
in diameter are strewn. These apparently are the 
remains of timber that grew up-valley and were up- 
rooted by the advancing ice and later transported by 
former glacial streams. Some of this material may 
have been brought in by earlier avalanching, although 
the bulk of it appears to be a result of glacier ad- 
vance. 

As on many other areas of glacier outwash in the 
Rockies, Dryas is the first invader at Columbia Gla- 
cier. Spruce and other trees occupy the outwash 
in about 14 years although only where sufficient pro- 
tection is afforded. When several decades have 
passed, the plant cover is commonly represented by 
lodgepole and whitebark pines, alpine fir, white and 
Engelmann spruces, Juniperus, Salix, Dryas, Shep- 
herdia, Arctostaphylos, and Castilleja. The mature 
forest, dominated by Engelmann spruce and alpine 
fir, clothes the sides of the valley to an elevation of 
about 7,000 ft. 

Athabaska and Dome Glaciers——These represent 
the next studied which emanate from the Columbia 
Icefield (Fig. 1). They flow generally toward the 
northeast with Dome Glacier just a short distance to 
the northwest of Athabaska The Banff- 
Jasper Highway passes about 3000 ft distant from 
their termini, and a spur road leads off to the vicinity 
of the Athabaska. The Columbia Icefield Chalet is 
about three-quarters of a mile from the Athabaska 
and directly on the highway connecting the parks. 
Streams draining from the glaciers form the Sun- 
wapta River which flows northwestward, in time feed- 
ing into the Athabaska River. 

Athabaska Glacier, with an ice fall near its source 
region at about 8500 ft elevation, is approximately 
4 mi. long, although if its accomulation area which is 
above 11,000 ft is taken into account, its length of 
drainage is somewhat longer. It flows over several 


recession 


Glacier. 


successive rock thresholds along its course and termi- 
nates at about 6700 ft in a small lake into which ice 
ealves periodically (Fig. 8). 


A part of the front 
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is formed by moraine-covered ice that continues up- 
valley forming about two-fifths of the glacier along 
the northwest side. No tributary glaciers drain from 
the northwest, although from the southeast, some ice 
may be contributed by small glaciers situated on Mt. 
Athabaska (11,452 ft). Prominent lateral moraines 
show up throughout the length of the glacier. Down- 
glacier on either side they are massive and the largest 
observed in the course of this study. 

Dome Glacier is poorly nourished by comparison 
to the Athabaska. Its bifurcated head is fed to a 
great extent by avalanching from the slopes of the 
Snow Dome (11,340 ft). Much of its surface is 





Fig. 8. 
of Wilcox Peak in August 1953. During the nineteenth 
century maximum, the glacier terminus extended beyond 
the Banff-Jasper Highway shown in the foreground. 

William O. Field 


Athabaska Glacier from the southwest slope 


covered by ablation, lateral, and medial moraines, all 
of which make it difficult to ascertain the true extent 
of the glacier. It is approximately 4 mi. long be- 
tween elevations of about 6800 and 11,000 ft. The 
lower ice is entirely moraine covered. A large lateral 
moraine down-glacier on the south side compares in 
size with those of Athabaska Glacier. Both glaciers 
are found on Interprovincial Boundary Commission 
Sheet 22. 

During the time of their maxima the glaciers were 
joined in their lower reaches, and it is largely be- 
cause of this that they are here treated together. 
Trimlines and moraines, or remnants thereof, outline 
the extent of the glaciers during recent periods of 
activity. Almost all of what otherwise might have 
been a continuous terminal moraine has been washed 
away. Several piles of disconnected morainal debris 
indicate, however, the location of the outer position of 
the glaciers. As withdrawal from a common ice 
front occurred and each became an independent unit, 
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fluctuations brought about the formation of recession- 
al moraines, changes in water courses, and moraine- 
dammed lakes. Although the age of many of the 
features could not be determined by the methods of 
this study, owing to the lack of written information, 
early photographs, and datable vegetation, a general 
account of the fluctuations, particularly for Atha- 
baska Glacier, is at hand. 

Athabaska Glacier reached its maximum in about 
1714, for in that year the advancing ice tilted a tree 
near the former confluence with Dome Glacier. This 
was the only tree located from which an ice-thrust 
date could be obtained. The oldest tree growing on 
the nearby lateral moraine indicated that the ice with- 
drew about 1744. It should be noted that a period of 
approximately 17 years passed before coniferous 
species seeded in on the outwash. 

Several successive lateral moraines are nearby and 
constructed in such a way as to appear as a single 
unit. The absence of trees on these made it impossi- 
ble to learn when they were formed, although the 
date of their formation may be approximated through 
correlation of recessional moraines down-glacier. An 
interesting feature of these moraines is their height, 
as much as 40-50 ft above the bordering trimline. 
This would indicate that the ice bordering the forest 
during the glacier maximum was considerably higher 
than the trimline it produced. Although the forest 
near the confluence of Athabaska and Dome Glaciers 
was lower than the bordering ice at this time, the 
forest was not overwhelmed, apparently because of 
the influence of the over-all ice flow directed down- 
valley. No melt-water stream which otherwise may 
have disturbed the site of the tilted tree ran along 
the trimline. Melt-water was drained instead by a 
stream through the nearby forest. The course was 
found abandoned in 1953. 

Along the down-valley trimline below the highway, 
information on recession only was obtained. A sur- 
vey of trees growing along the bank below the trim- 
line revealed that the ice withdrew about 1721 which 
is 23 years earlier than recession up-glacier near the 
location of the former confluence of the Dome and 
Athabaska. The bank on which the trees are grow- 
ing down-valley shows evidence of having been under- 
cut by a stream, as large dead trunks are lying with 
their bases up-slope and give the impression of having 
been toppled after the ice had receded. The glacier 
may have withdrawn at this place earlier than 1721, 
since the instability of the bank imposed by melt- 
water draining from the terminus may have prevented 
trees from becoming established for a certain period. 
Trees in the forest between this trimline and the 
Banff-Jasper Highway are at least 350 yrs old, thus 
indicating that the glacier could not have been further 
forward than the early eighteenth century trimline 
for that length of time. 

No information can be furnished concerning the 
amount of recession Athabaska Glacier underwent 
during the eighteenth century. It is known, however, 
that the glacier readvanced sometime in the first half 
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of the nineteenth century and again receded forming 
well-defined recessional moraines along its front. This 
later advance was almost as intense as that earlier, 
Just north of the Columbia Icefield Chalet, the high- 
way crosses the former extent of this ice and travels 
a short distance inside its outermost edge before again 
reaching an ancient periglacial surface. Where the 
highway leaves the nineteenth century outwash at 
the north, several dates were obtained on the time of 
withdrawal from the advance. Earliest recession oe- 
curred down-valley bordering the eighteenth century 
trimline in about 1841; progressively to the south, 
later dates of about 1854, 1856, and 1866 were de- 
termined. 1841 recession has continued with 
several fluctuations. Four recessional moraines are 
dated approximately 1900, 1908, 1925, and 1935. The 
first of these is based on tree cores whereas the re- 
mainder are estimated from photographs, in 1908 by 
Schaffer (1908) and in 1922 by Field (1949), and 
from positions in 1945, 1946, 1947, 1948, 1949, and 
1950 indicated by the Dominion Water and Power 
Bureau (1951). Total recession between 1721 and 
1953 is approximately 3600 ft (Field & Heusser 
1954). 

Evidence for the existence of an eighteenth cen- 
tury maximum for Dome Glacier was not found, al- 
though by inference such a condition seems certain 
to have existed. The common altitudinal distribution 
and means of nourishment shared by the glaciers 
should strongly favor like behavior. Nevertheless, 
any features that would serve to identify an eight- 
eenth century advance seem to have been obliterated 
or obscured by the nineteenth century maximum. 
This latter advance was more or less concomitant with 
that of Athabaska Glacier, and the two glaciers 
were then joined forming a common front 
the Sunwapta Valley. 

The datable maximum of Dome Glacier during the 
nineteenth century is known only from retreat dates. 
No suitable ice-thrust or ice-scarred trees that might 
permit a determination of the exact time of advance 
could be located. Indeed, few trees from which to 
date nineteenth and post-nineteenth century fluctua- 
tion could be found on the outwash. Dome Glacier 
retreated from its outermost position in about 1870. 
This is about 29 years later than the earliest date 
Athabaska Glacier waned from the nineteenth cen- 
tury maximum. At least four recessional moraines 
appear between the terminal moraine remnants and 
the present ice front, and these are estimated as 
dating from about 1900, 1908, 1913, and 1918. Trees 
at least 350 years of age in the forest bordering the 
glacier indicate the absence of ice for as long a 
period. Total recession since 1870 and up until 1953 
has been about 2800 ft (Field & Heusser 1954). 

The known ages of the outwash surfaces of Atha- 
baska Glacier afford a means for dating the sequence 
of plants following the ice retreat until the ancient 
forest stage is attained. More or less arbitrary zones 
were delineated. Zone I is nearest the 1953 ice front. 
No plants were seen for some distance back from 
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the terminus; on the 1945 surface Epilobium is 
sparse and a single specimen of Saxifraga flagellaris 
Willd. was observed. Zone II, dating between about 
1935 and 1945, supported plants of Epilobium and 
Dryas drummondii, the former being predominantly 
present; Salix, including Salix reticulata and an un- 
known species, was noted. No coniferous seedlings 
were observed. 

Dryas and Salix -predominate in Zone {II which 
was deglaciated between 1920 and 1935. A _notice- 
able increase in species oceurs, the following being 
recorded: Picea engelmanni, Deschampsia elongata, 
Trisetum, Populus, Saxifraga (S. flagellaris and S. 
oppositifolia), and Hedysarum. 

In Zone IV Salix, Dryas, and Hedysarum, are 
most common; in addition, Abies, Picea, Juniperus, 
Populus, Potentilla fruticosa, Dryas octopetala, and 
Arctostaphylos (A. wva-ursi and A. rubra) are grow- 
ing. This zone represents the deglaciated area freed 
of ice between the time of the nineteenth century 
maximum and about 1920. 

Dryas is the most prominent plant encountered on 
the outwash. It occurs in all the zones left bare by 
the ice since the early eighteenth century and was 
observed to be absent only on the ancient surfaces 
beyond the limit of recent glaciation. The plant be- 
comes established in pockets, troughs, and other pro- 
tected places in the outwash, forming circular mats 
that later become joined. A curious feature of the 
plant is its inability to persist in the central area of 
the mat while the periphery continues to grow radial- 
ly. Commonly, coniferous seedlings ecize in the dead 
portions of the mats. 

Aside from becoming established and surviving in 
protected situations, the plants pioneering on the 


terrain are to be found along stream courses and 
places of poor drainage. Many of the streams and 


pools are shallow and ephemeral and result from 
the melting of snow in spring. In such localities, 
particularly on the surfaces freed of ice during the 
eighteenth century, Salix may form small thickets. 
The forest beyond the recent glacier maximum is 
either open and of poor growth or relatively closed 
with trees of merchantable size. The region is situ- 
ated partially in the subalpine-alpine ecotone. In 
the ecotone Abies, Picea, Juniperus, Deschampsia, 
Salix, Betula, Silene acaulis, Fragaria, Potentilla, 
Dryas, Hedysarum, Shepherdia, and Arctostaphylos 
are present. The ages of the trees in this area were 
not determined; however, the subalpine forest is at 
least 350 yrs old. The trees here, mostly spruce, are 
over 2 ft d.b.h. and about 50 ft tall. Much of the 
ground cover is made up of low firs reproducing by 
means of layering with some as much as 20 ft in 
height. Phyllodoce and Vaccinium scoparium are the 
predominant shrubs. Other plants observed are 
Juniperus, Salix, Fragaria, Shepherdia, Empetrum, 
Moneses, Cassiope tetragona, and Arctostaphylos. 
Saskatchewan Glacier—The eastern névé of the Co- 
lumbia Icefield at about 8500 ft elevation is the 
principal source of Saskatchewan Glacier while up 
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to 1000 ft higher considerable ice descends into this 
ice stream from Mt. Castleguard and an unnamed 
summit to the north (Fig. 1). The glacier (Fig. 9) 
is almost 6 mi. long, flowing gradually east-northeast 








Fig. 9. 
September 1953. At its maximum the glacier reached 
beyond the lower left-hand edge of the photograph. 

William O. Field 


Saskatchewan Glacier from Parker Ridge in 


in the absence of ice falls to its present terminus at 
5900 ft (Meier, Rigsby & Sharp 1954). Several 
tributary glaciers were formerly active in providing 
nourishment, although at the present time only one of 
these supplies the Saskatchewan. The contribution 
from this tributary is marked by a lateral moraine, 
5 mi. in length, down the northern portion of the ice. 
The glacier is shown nearly entirely on Sheet 22 of 
the Interprovincial Boundary Commission. 

The first measurements of Saskatchewan Glacier 
were by the Dominion Water and Power Bureau in 
1945 and repeated in 1946, 1947, 1948, 1949, 1950, 
1952, and 1954 (Dominion Water and Power Bureau 
1948, 1949, 1951, 1954). According to Field (1949) 
early observations were made in 1896 by Wilcox 
(1900) and later in 1912 by Mitchell, in 1919 by 
Thomson (1920), in 1922 and 1948 by Field, in 1923 
and 1937 by Thorington (1925, 1938), and in 1924 
by Harmon (1925). Thus, the approximate positions 
of the ice front are known for nearly each decade 
since the end of the nineteenth century. 

Prior to this the variations have been determined 
from cores and sections of conifers growing in prox- 
imity to the north trimline and the forward part of 
the outwash, north of the stream draining the ice. 
South of this stream no trees are to be found either 
on the outwash or above the uppermost position of 
the glacier. Sections from two ice-tilted whitebark 
pines on the north trimline reveal ice-thrusting in 


1807 and 1813. The ancient forest beyond was at 
least approximately 300 years of age. No evidence 


for eighteenth century activity was found. 
Cores from the trees growing on the slope former- 
ly oceupied by ice between the north trimline and 
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the valley floor show the oldest tree to be 89 years of 
age. This tree became established in 1864. The next 
younger tree on this surface was 85 years of age. 
These two trees would suggest this part of the slope 
to have been denuded as early as 1854, if one con- 
siders a 10-year period prior to ecesis. Recession 
was not uniform on the slope, however, since Field 
(1949) reported that a tree on the trimline further 
up-glacier, and beyond those ice-thrust in 1807 and 
1813, was tilted by a forward surge in 1893. Con- 
sequently, it is probable that the advance along this 
slope was local but extended sufficiently far down- 
valley to effect the formation of a small moraine just 
inside the outermost stand of the glacier. The ages 
of seven trees growing on this moraine indicate that 
it was formed about 1899. The absence of trees else- 
where on the outwash precluded additional dates being 
derived for other moraines or surfaces up-valley. 
Down-valley from the 1899 recessional no end mo- 
raine is to be found except what may possibly be a 
small remnant south of the stream which drains 
through the outwash. Besides Picea, Salix, Sazrifraga 
aizoides, Dryas drummondii, and Epilobium are the 
only plants found on the valley floor, and these are 
very sparsely distributed. Up-valley the positions of 
the terminus have been figured from data available 
largely from the first half of this century for 1912, 
1922, 1937, 1945, 1946, 1947, 1948, 1949, 1950, 1952, 
and 1954. A small double moraine is estimated to 
have been formed about the middle of the 1930’s. 
Total recession between the early nineteenth century 
and 1953 termini has been approximately 4600 ft 
(Field 1949, Field & Heusser 1954, Dominion Water 
and Power Bureau 1954). 


Unnamed Glacier 
An unnamed glacier is at the head of Hilda Creek 
in northwestern Banff Park near Sunwapta Pass and 
the Banff-Jasper Parks boundary (Fig. 1). The 
lower portion is a boulder mass with humps and 
pockets which in several places give the appearance 
of concentric “waves.” Ice is nowhere to be seen 
in the lower extremities of the rock-covered tongue. 
The glacier begins about 4 mi. up-valley from the 
recent maximum and is approximately 1 mi. long. 
It is fed largely by avalanching from the eastern 
slopes of Mt. Athabaska and flows east-northeasterly 
from a cirque basin between 7000 and 8800 ft to a 
terminus at about 6900 ft. As suggested by these 
elevations, the glacier is largely above the timber. 
The preponderance of large angular boulders com- 
prising a morainal complex characterizes the mass as 
an incipient rock glacier. If one considers glaciers 
ranging from largely ice to almost entirely rock, 
unnamed glacier would tend to adhere to the latter 
type. Folds of soil that have been pushed up along 
the down-valley periphery suggest that the mass con- 
tinues to exhibit motion. 
Only a few trees were found in the morainal 
debris. These are growing in a pocket near the 
forward margin and close to where Hilda Creek issues. 
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Three trees were cored and two showed ages of 145 
and 146 years. Thus, the oldest began growing in 
1807. No conditioning factor was at hand for this 
particular glacier, although in consideration of the 
relatively high altitude of the terminal moraine and 
the known maximum period of 17 years determined 
for adjustment in this entire study, this interval 
should at least be added to ascertain the time of re- 
cession. It would seem that recession began about 
1790 and probably before. 

The dated trees were slow growing, the two oldest 
standing about 11 ft tall and 4-5 in. d.b.h. Several 
hundred feet higher along the north lateral moraine 
two trees were dated and the oldest showed an age 
of 72 years. It may be inferred that marginal waning 
up-glacier was more recent, but the few data available 
are inconclusive in this regard. 


Southeast Lyell Glacier 

In northwestern Banff Park, Southeast Lyell 
Glacier flows eastward from the Lyell Icefield (Fig. 
1). This névé extends along the interprovincial 
boundary for approximately 6 mi. between Mt. Lyell 
(11,495 ft) and Division Mountain (9843 ft) and at 
elevations ranging from 8000 to 10,000 ft. The glacier 
was formerly connected with Mons Glacier emanating 
from the Mons Iecefield, a smaller névé lying to the 
southeast. The Southeast Lyell is situated about 18 
mi. south of the Saskatchewan and 8 mi. northwest 
of the next discussed Freshfield Glacier. Freshfield, 
Mons, and Lyell Icefields as shown on Interprovincial 
Boundary Commission Sheets 18, 19, and 20 repre- 
sent successive névés along this portion of the con- 
tinental divide. Southeast Lyell discharge forms 
Glacier River which after joining Howse River flows 
into the North Saskatchewan. The glacier is one of 
several developed from the Lyell Icefield; the North 
Lyell and East Lyell are also noteworthy in Alberta, 
and in British Columbia numerous tongues feed Lyell 
Creek and Icefall Brook. 

As the name implies, Southeast Lyell Glacier 
empties from the southeast quarter. The snout in 
1953 rested by a terminal lake at about 5200 ft eleva- 
tion at the base of a large amphitheater (Fig. 10). 
The tongue curves northeast and eastward from above 
the amphitheater wall and reaches the valley floor 
from the southern border. The ice is strongly broken 
and ecrevassed where “it travels steeply downward 
from above. A broad lateral moraine (up-glacier a 
medial moraine) is prominent along the northern 
The amphitheater has lost about one-half of 
the ice which oceupied it earlier during the maximum 
of the glacier. Avalanching continues to feed into 
the basin from above and cones of ice and rock have 
built along portions of the wall. Lateral moraines 
other than that along the northern glacier border are 
found along portions of the trimline, particularly 
along the southern side of the valley above the former 
confluence with Mons Glacier. 

On either side of Glacier River in the outwash, 
moraines are chaotic among the abandoned stream 


edge. 
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Southeast Lyell Glacier terminus in August 
The rosaceous Dryas drummondii in fruit in the 
foreground is the predominant cover on the moraines and 


Fig. 10. 
1953. 


outwash. 
William O. Field 


courses. The terminal moraine has been cut through 
by the existing river and by earlier streams and oc- 
curs as a more or less continuous feature across the 
valley. This moraine is found on the south side of the 
river near the down-valley end of a 150-ft bluff that 
was encroached upon but not entirely overridden by 


ice during its recent advance. Ancient forest. still 
stands at the eastern edge. The bluff in form ap- 


pears to represent a massive roche moutonnée, sculp- 
tured by ice largely of the Cordilleran Glacier Com- 
plex. The directed toward both the 
Mons and Southeast Lyell Glaciers whereas the lee 
side is largely along the axis of the valley. 

The botanical evidence for the time of maximum of 
this glacier is substantiated by the account of James 
Hector who visited the glacier in 1858 (Hector 1863). 
The terminus at that time was only about 300 ft from 
the terminal moraine. According to the record from 
a tilted tree examined in the northeast part of the 
moraine, advance occurred in 1840. This represents 
the outermost progress the glacier has made in at 
least three centuries. Retreat along the ice front on 
the northern side of Glacier River is figured as taking 
place about 1841. Along the south side of the river 
the earliest retreat was later in about 1855, while 
from the summit of the aforementioned bluff with- 
drawal oceurred about 1853. 

Since Hector’s visit the positions of the terminus 
have been recorded in 1902 by Outram (1905), in 
1918 by a boundary survey party, and 1926, 1930, 
and 1944 by Thorington (1927, 1931, 1945). Nu- 
merous trees growing inside the terminal moraine 
were dated, so that the positions of the terminus can 
be approximated for intervals during which no ob- 
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servations were made. A total of 55 dates based on 
as many tree ages plus a 12-year conditioning factor 
was determined. Five poorly defined moraines are 
indicated as formed about 1855, 1885, 1894, 1902, 
and 1906. Field (personal communication) has given 
the total recession since the maximum as approxi- 
mately 5750 ft. 

The almost ubiquitous cover of Dryas drummondii 
on the outwash is striking and between the terminal 
moraine and Glacier Lake bears close resemblance to 
the area down-valley from the Columbia Glacier 
previously discussed. These two places were the 
only localities in this study where the species con- 
stituted practically a continuous carpet. Aerial dis- 
persal of Dryas disseminules up-valley onto the 
outwash is usually opposed by cold winds draining 
from the ice field. Preceding thunderstorms, how- 
ever, as witnessed on 8 August 1953, warm air cur- 
rents may blow up the valley with considerable force 
and carry multitudes of the plumed fruits. The rain 
that usually follows and the hygroscopic nature of 
the plumes are probably factors favoring ecesis. 

In the dispersal area below the terminal moraine 
down-valley, the following plants 
lodgepole pine, white and Englemann spruce, Juni- 
perus, Populus, Salix, Betula, Potentilla, Dryas, 
Hedysarum, Shepherdia, both species of Arctostaphy- 


were recorded: 


los, Geocaulon lividum, Solidago, and Antennaria. 
The forested areas along the valley are first growth 
with an abundance of Juniperus, Potentilla, and 
Shepherdia in the ground cover. Outside the general 
area of the forest, Dryas and Arctostaphylos rubra 
persist. 

Vegetation on the terminal moraine is composed 
of most of the above plants, although Geocaulon and 
Antennaria are absent. Outwash exposed to invasion 
for about 50 years exhibits Picea, Salix, Dryas, Shep- 
herdia, Epilobium, and both species of Arctostaphylos. 
After about 25 years of exposure, Picea, Salix, Dryas, 
and Epilobium are the only invaders. The principal 
member of this group to succeed earliest on outwash 
is Dryas. 


Freshfield Glacier 

Freshfield Icefield is the accumulation region feed- 
ing Freshfield Glacier and is in the form of an elon- 
gated northwest-southeast basin (Fig. 1). At least 
a dozen peaks over 10,000 ft in elevation project 
along its southerly and southwesterly, faleate-shaped 
rim. Freshfield Glacier flows northeasterly for ap- 
proximately three miles, although ice from the source 
region passes down about 8 mi. in its longest path. 
The glacier is principally between elevations of 550) 
and 9000 ft, and parts of the ice field ascend to 
10,000 ft. The ice front is reached by trail from 
the Mistaya River canyon area just south of the 
Banff-Jasper Highway bridge over the North Sas- 
katchewan River. The trail follows the east bank of 
Howse River and thence through the forest north of 
Freshfield Brook and on to the outwash. 

The terminus of the glacier (Fig. 11) rests in a 

















Freshfield Glacier from below the northwest 
trimline in August 1953. The ice receded from this loca- 
tion during the second half of the nineteenth century. 
William O. Field 


-Fig. 11. 


lake where in 1953 blocks of ice were both afloat and 
grounded. Freshfield Brook flows from the lake in 
a sinuous course through the outwash and is one of 
the sources of Howse River, a tributary of the North 
Saskatchewan. Considerable melt-water flowed near 
the northern side of the valley floor at an earlier time 
as indicated by an old stream bed; several other 
abandoned courses as well cross the outwash. Other- 
wise, except for numerous scattered boulders and a 
small recessional moraine remnant the outwash is 
featureless and seemingly barren. 

Trees on the recently deglaciated terrain are more 
prevalent down-valley on the slopes below the trim- 
line and above the valley floor whereas on the outwash 
they are generally low, inconspicuous, and few in 


number. Up-valley trees do not grow far below the 
trimline. Some portions of the outwash have been 


overridden by avalanches, and because of this dis- 
turbance such areas were avoided in this investiga- 
tion. Trimlines are sharply formed on either side of 
the valley and continue with fairly distinct definition 
for some distance into the Freshfield Icefield. Since 
the positions of the terminus in the present century 
are well documented, ice recession-spruce establish- 
ment lapse data are numerous. This interval is 
figured at about 12 years. 

Freshfield Glacier has not exceded the limits indi- 
‘ated by the trimlines for over three centuries at 
least. The oldest trees in the ancient forest beyond 
the trimline provide this minimum age. The general 
area to the north of Freshfield Brook below the out- 
wash is characterized by humps and hollows giving 
it the appearance of an old moraine. No terminal 
moraine of the recent maximum remains and what 
originally may have constituted this feature has been 
reworked. At its outermost position the ice was in 
contact or near a bank upon which and below which 
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large boulders are strewn. The forest above the out- 
wash and beyond this bank has been disturbed by 
avalanches from the slopes south of Freshfield Brook, 

The glacier began to withdraw from its low eleva- 
tion maximum about 1871. Above this position and 
from the northern trimline, retreat was earlier in 
about 1853. No date preceding this was discovered in 
the outwash or along the north trimline. The south 
trimline was not studied. The glacier may have re- 
treated from the outermost trimline at about the same 
time as from the northern side of the valley. An old 
stream course passes directly below the down-valley 
trimline and appears to have undercut the bank for 
a period before the present drainage pattern was 
formed. As a result, trees were probably unable to 
seed in on this unstable surface until after the drain- 
age shifted and the stream below the bank ceased 
cutting or its erosive power was minimized. Farther 
along the northern trimline on the upper lateral 
moraine, approximately above the 1953 glacier termi- 
nus, recession was dated about 1854 and compares 
favorably with that from the trimline down-valley. 
A searred trunk along this moraine indicated a local 
ice-thrust in 1881. The ages of a total of 53 trees 
were determined to show the progress of recession. 
The remainder of the only recessional moraine on the 
outwash was dated 1905. 

Observations were recorded largely during this 
century. Stutfield & Collie (1903) noted the glacier 
in 1897 and 1902, Palmer (1924a and b) in 1922, and 
Thorington (1927, 1931, 1938, 1945) in 1926, 1930, 
1934, 1937, and 1944. The Dominion Water and 
Power Bureau (1948, 1949, 1951, 1954) carried out 
measurements in 1947, 1948, 1949, 1950, 1952, and 
1954. Total recession of the terminus from the outer- 
most recent stand to 1953 has amounted to 5375 ft 
(Field & Heusser 1954). 

A survey of the outwash and ancient vegetation 
shows several stages of succession. Five zones were 
drawn, the age of the surface representative of each 
being reasonably well known. The forest beyond 
the outwash represented Zone I and is at least 300 
years old. In the outwash, the following zones are 
numbered and dated: Zone II, 75 to 100 years; Zone 
III, 50 to 75 years, Zone IV, 25 to 50 years; and 
Zone V about 25 years to the present. 

Zone I is the ancient Engelmann spruce-alpine fir 
forest in which spruce appears by far predominant. 
The largest specimens measured over 30 in. d.b.h. and 
125 ft tall. The shrubs noted are Ribes lacustre, 
Rhododendron, Menziesia, and Vaccinium (V. mem- 
branaceum and V. scoparium); common herbs are 
Lycopodium, Rubus pedatus, Cornus, Moneses, Pyrola 
(P. secunda and P. chlorantha), and Linnaea borealis 
var. americana, 

Zone II represents the oldest deglaciated portion of 
the outwash. Spruce and fir have attained sizes 
8-10 in. d.b.h. and 20 ft tall; the oldest spruce studied 
was 15 in. d.b.h. and 50 ft in height. Salix is yet 
found on the surface in places where overtopping by 
conifers has not occurred. Shrubs include Juniperus, 
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Shepherdia, and Lonicera. Herbs in Zone II include 
Thalictrum occidentale, Fragaria, Epilobium, Pyrola 
asarifolia, Arctostaphylos uva-ursi, Solidago, and 
Achillea borealis. 

Zone III trees are spruce and fir only several feet 
tall. Plants are scattered and no closed thickets oe- 
cur. Lodgepole pine was noted as well as Juniperus, 
Populus, Salix, Ribes, Potentilla, Shepherdia, and 
Lonicera. Fragaria, Epilobium, Pyrola, Arctostaphy- 
los, and Achillea are found as in Zone IT; herbs not 
in Zone II although present on this surface are Trise- 
tum, Saxifraga austromontana Wiegand, Dryas, He- 
dysarum, Campanula rotundifolia L., and Antennaria 
media. 

Zones IV and V show a paucity of plant cover. 
Spruce, Trisetum, Populus, Salix, Dryas, and Epi- 
lobium are common to both; in Zone IV Physaria 
didymocarpa was observed. 


Wapta Icefield 

Wapta Icefield straddles the interprovincial boun- 
dary in Banff and Yoho Parks as shown on the ac- 
companying sketch map (Fig. 1). The névé between 
about 9000 and 10,000 ft occupies the higher Waputik 
Mountains, a subdivision of the Rockies in British 
Columbia, and extends into Alberta. The larger por- 
tion is found in British Columbia. 
rise in this field, and three were taken into account in 
this program. These are the Peyto, Bow, and Yoho, 
as shown on Interprovincial Boundary Commission 
Sheets 16 and 17. 

Peyto Glacier—Peyto Glacier is the northernmost 
ice stream originating in the Wapta Icefield (Fig. 
1). It exhibits a north-northeast aspect in the di- 
rection of Peyto Lake which lies less than one mile 
from the recent glacier maximum. The glacier was 
approximately 3 mi. long during its outermost stand, 
but by 1953 retreat had amounted to approximately 
3330 ft (Field personal communication). The region 
of flow is largely between 6600 and 9000 ft elevation 
and drainage feeds northwesterly into the Mistaya 
River. Seven recessional moraines were studied and 
dated. The outwash area was reached by trail from 
Peyto Lookout which is located on the road leading 
from the Banff-Jasper Highway near Peyto Lake. 

The forest beyond the outermost trimline is over 
three centuries old and serves to preclude the existence 
of any earlier advances for at least an equivalent 
period. Along the eastern trimline evidence is pre- 
sented for an eighteenth century maximum and a 
subsequent nineteenth century advance that reached 
to within 50 ft of that earlier. Recession of the eight- 
eenth century ice is dated about 1711 while recession 
from the advance of the following century is dated 
about 1863. Along the western trimline, no indiea- 


Several glaciers 


tion of eighteenth century ice could be found. Only 
the nineteenth century advance was recognized. Re- 


cession of this ice was almost contemporaneous with 
that across the valley and was in 1861. No ice-tilted 


nor ice-scarred trees for indicating the dates of ad- 
vance could be located anywhere along the trimlines. 
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recessional moraines were dated. Be- 
these, attention should be ealled to 
considering the 1863 moraine as a recessional. The 
glacier during this time did not exceed the eighteenth 
century maximum on the eastern margin, although 
along the western edge it apparently did. In view 
of the behavior as a resurge that did not entirely reach 
beyond the earlier maximum, the moraine produced is 
interpreted as recessional. Certain glaciers of this 
study such as the Yoho had a nineteenth century ad- 
vance that presumably exceeded the eighteenth centu- 
ry terminal moraine. Consequently, the nineteenth 
century moraine must be considered as the terminal. 
On comparison, however, a nineteenth century term- 
inal moraine of one glacier may be equivalent to a 
nineteenth century recessional of another. 

Recessional moraines are best developed and more 


Several other 
fore discussing 


numerous on the western side of the drainage stream 
that divides the outwash. The second was built about 
1880. The third and fourth could not be dated 
separately ; their formation must have occurred about 
1888. The fifth and sixth likewise dated to- 
gether at about 1895. The seventh and last observed 
appears to have formed about 1908. A 12-year pre- 
ecesis interval was added to the ages of the oldest 
spruce trees growing on the different surfaces. 

Recession of Peyto Glacier has more recently been 
noted by Thorington and Kingman in 1933 (Wheeler 
1933), by MceCoubrey (1937) in 1936, by MeFarlane 
(1946) in 1945, and by the Dominion Water and 
Power Bureau (1948, 1949, 1951, 1954) in 1945, 1946, 
1947, 1948, 1949, 1950, 1952, and 1954. 

Bow Glacier.—Bow Glacier is of particular interest 


are 


since it began to dwindle earliest of all the glaciers 
represented in this study. It is located in west-central 
Banff Park southwest of Bow Lake and a few miles 
southeast of Peyto Glacier (Fig. 1). Discharge from 
the glacier flows into Bow Lake, thence into the Bow 
River, and in this regard, Bow Glacier may be con- 
sidered the most northwesterly major source region 
for drainage traveling southeastward in the parks. 
The load carried by the stream flowing from the 
glacier has apparently been considerable, since a delta 
of noteworthy size has formed at the western end of 
Bow Lake. The position of the former maximum of 
the glacier is easily reached by a trail from the lodge 
which is situated on the northern shore. The 1953 
terminus was perched above a cliff several hundred 
feet in height and was consequently difficult of access; 
the ice formerly flowed into and filled an amphitheater 
below. The terminus was not visited by our party. 
Bow Glacier flows northeastward for 21%4 mi. from 
the Wapta Icefield where it begins to descend steeply 
from about 8500 ft The 1953 terminus 
rested at approximately 8000 ft while at its maximum 
the glacier came down to about 6800 ft. The upper 
portion is represented by an ice fall, and with the 
aforementioned cliff below, the glacier flowed over 
general this debris represents a disorganized mass. 
A lake formerly stood along the northern corner of 
the glacier when the ice was near its outermost po- 


elevation. 
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sition. Melt-water draining the northern margin 
filled the lake which in turn drained into the main 
stream from the terminus. Only a small stagnant pool 
remained in 1953, and the former lateral stream 
course was dry. 

The glacier has not been of greater dimensions from 
those indicated for over 6 centuries. This conclusion 
is based on the ages of 9 trees cored along the outer 
margin of the ancient forest. A small remnant 
moraine beside the former ice-front lake appears to 
be the oldest of this entire study. A low distorted 
Engelmann spruce growing at the crest was found to 
be 270 years of age. This would indicate the with- 
drawal of ice in about 1669 (allowing for a 14-year 
interval prior to ecesis). The deformed tree was the 
only specimen available for dating. Its appearance 
suggested growing under adverse conditions. An 
erect branch from the twisted trunk gave an age of 
123 years which suggested that conditions for growth 
began to improve about that many years ago or in 
1830. Ice accordingly must have withdrawn from the 
moraine at approximately this time after having been 
nearby for over 150 years. Subsequently in 1847 the 
glacier readvanced to near its earlier maximum. Re- 
treat that followed is dated at about 1851 along the 
eastern edge of the outwash south of the main 
drainage stream. The recessional moraine formed 
just within the 1669 moraine was freed about 1852. 
Along the northern trim, ice dwindled earliest about 
1836. <A long recessional moraine on the south side 
of the glacier was ice-vacated about 1858 and appears 
to have been formed contemporaneously with the 
1851 moraine. Based on the age of the oldest spruce 
growing on the bed of the former terminal lake, the 
drainage date of this water body must be about 1861. 
Another small moraine was dated as 1894 within the 
1858 moraine. Subsequent positions of the ice front 
within the 1852 moraine are noted as 1889 and 1898. 
The 1953 terminus is now about three-quarters of a 
mile behind its outermost stand. Approximately 
800 ft of recession occurred before the turn of the 
present century whereas 2800 ft have followed in the 
time since. 

The Bow Glacier area was visited in 1897 and the 
glacier photographed at a distance (Stutfield and 
Collie 1903). The ice was below the base of the cliff 
at this time and had apparently remained so until 
photographed in 1922 by Thorington (Wheeler 1933) ; 
by 1933 it had retreated to above the cliff (Wheeler 
1933). Further retreat from the 1933 position ap- 
pears to be comparatively minor. 

Yoho Glacier—tThis glacier faces south-southeast 
at the head of Yoho Valley in northern Yoho Park 
and is the southernmost of the glaciers of the ice 
field (Fig. 1). Its drainage flows via Yoho River 
into the Kicking Horse, a tributary of the Columbia. 
The terminal moraine can be reached by trail from the 
end of the spur road which leads from the highway 
crossing Kicking Horse Pass between Lake Louise, 
Alberta and Field, British Columbia. The end of 
this road is a short distance up-valley from the 
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Canadian Pacific Railway bungalow camp. When 
the ice was in contact with the terminal moraine, it 
stood at approximately 5600 ft elevation. By 1953 
the terminus had receded a distance of 5000 ft and 
yas scarcely visible from its former maximum posi- 
tion; its elevation at present is estimated at 6500 ft. 
The length of the glacier is now about 4 mi., whereas 
at its greatest length, it was about 1 mi. longer. An 
aerial photograph taken by the Royal Canadian Air 
Force in August, 1951 served as the basis for this 
estimate. 

The vegetation within and beyond the outermost 
extent of the ice and several early photographs from 
recorded positions have enabled recent locations of 
Yoho Glacier to be written in a general way. No in- 
formation was obtained regarding the date of maxi- 
mum ice-thrust, as a search for tilted trees along the 
terminal moraine and western trimline proved un- 
successful. The age of the forest beyond the moraine 
was found to be at least 450 years; much of the inner 
wood of the oldest trees cored in the ancient forest 
was rotten and indeterminable for age. Engelmann 
spruces that were dated were over 2 ft d.b.h. and stood 
about 125 ft tall. This surface does not appear to 
have been occupied by ice for at least half a millen- 
nium. Twelve trees growing on the terminal moraine 
were dated and the oldest was 85 years of age. Con- 
sidering a lapse of 10 years before trees began grow- 
ing following ice withdrawal, the moraine was proba- 
bly freed about 1858. 

Aside from the sharp contrast in the ages of the 
trees on the moraine and in the bordering spruce-fir 
forest, the plants growing on each surface exhibit a 
certain affinity. Engelmann spruce, alpine fir, and 
whitebark pine are common to both places; the shrubs 
and herbs, on the other hand, are rather distinct. 
The ground cover in the ancient forest is abundant 
with the following plants noted as important: Rhodo- 
dendron, Menziesia, Cassiope, and Vaccinium (V. 
membranaceum, V. scoparium). Mosses and lichens 
are thick on the forest floor. On the terminal mo- 
raine, the raw gravels are yet exposed and the ground 
cover is sparse. The trees are obviously first genera- 
tion and began growing in the open as their lower 
branches have grown out freely. A succession from 
willows to conifers is apparent; dead and dying wil- 
lows in the understory are overtopped by spruce. 
None of the above plants was noted aside from the 
three coniferous species; the following were recorded: 
Juniperus, Populus, Salix, Fragaria, Shepherdia, and 
Lonicera. 

Three recessional moraines were dated between the 
terminal moraine and the position of the ice about 
the beginning of this century. The outermost and 
oldest became stabilized by about 1865; the second was 
free of ice about 1880; and the third or innermost 
was successively freed about 1894. Data used to de- 
termine the above sequence were obtained from the 
ages of 30 spruces growing west of the Yoho River. 
No work was carried out on the east side because of 
disturbance of the surface by avalanches. For com- 
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Collective data approximating the variations of Canadian Rocky Mountain glaciers. 
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*Data from tilted or scarred trees. +Estimated. {Double moraines. 


parison with the plants on the terminal moraine and 
in the ancient forest, the plants noted on the outwash 
left bare by ice about 1900 are: alpine fir, Engelmann 
spruce, whitebark pine, Populus, Salix, Dryas, Epilo- 
bium, and Arctostaphylos rubra. 

Since Habel (1898) visited the glacier in 1897, 
observations and measurements have been carried out 
subsequently by Vaux (Wheeler 1907) in 1901, by 
Sherzer (1907) in 1904, by Wheeler (1907, 1908, 
1910, 1911, 1913, 1914-1915a, 1920a, 1931) from 
1906 to the early part of the 1930’s, and in 1933 
(McCoubrey 1937) and 1945 (McFarlane 1946). 


GLACIER VARIATIONS 

The intervals of advance and recession throughout 
the last several centuries are summarized in Table 
3 and Fig. 12. Except for the changes that may 
be attributed to various local influences, variations 
appear to be by and large synchronous insofar as 
evidence indicates. The earliest data available dis- 
close that between 1350 and 1650 a major advance 
was in progress. In one case this advance attained 
its maximum in the second half of the seventeenth 
century; in others maxima were reached during the 
first quarter of the eighteenth century. Glaciers had 
not exceeded these positions for at least 200 to 300 
years. 

Termini appear to have remained essentially sta- 
tionary until recession began in the last quarter of 
the eighteenth century. Recession continued into the 
early 1800’s but during the first half of the century 
a major readvance occurred which in several cases is 
known to have pushed beyond the limits set by the 
earlier maxima. Subsequently termini have under- 


gone retreat since the mid-1800’s, although minor 
readvances are indicated as well as changes in the 
rate of recession. 





During the late 1800’s in some instances and the 
early 1900’s in certain others retreat was relatively 
rapid while moraine formation appears to have been 
widespread and frequent. Later in the second and 
third decades the rate decreased and moraines were 
formed less frequently. Since about 1930 recession has 
been generally more rapid than at any time previous 
in the last several centuries. Few moraines have 
been built and these are diminutive compared to 
those earlier. The presence of terminal lakes, as in 
the cases of Columbia and Athabaska Glaciers, has 
increased the rate of withdrawal; ablation moraine, 
on the other hand, as that covering much of Dome 
Glacier, has acted as an insulator so that the tongue 
has become stagnated and comparatively little re- 
cession has occurred. Robson Glacier appears to be 
the only ice stream that most recently has retreated 
the least as influenced in all probability by climatie 
factors. Bow Glacier terminus which has also re- 
treated relatively little in recent years is now at a 
sufficiently high elevation (Fig. 3b) and nearer the 
firn limit to be maintained. Because of this its 
present behavior is not comparable with the other 
glaciers whose termini are approximately 1000 ft 
lower in elevation. 

A review of Fig. 2 which represents climatic data 
from Banff, Alberta between 1895 and 1955 shows 
several relationships to the variations. The general 
decline of precipitation from the beginning of this 
century to the late 1930’s while over this same period 
temperatures have risen is in accord with the glacier 
behavior pattern. Fluctuations of these factors and 
particularly of snowfall during the second decade 
appear to be related to the decrease in the rate of 
recession in the second and third decades. 

A lag between climatic fluctuations and the termini 
variations is suggested in certain instances. During 
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the 1920’s when precipitation, including snowfall was 
relatively low and temperature high, the amount of 
retreat continued to be small and may be attributed 
to the influence of climate the decade previous. More- 
over, the conspicuous increase of precipitation and 
decline of temperature during the late 1940’s has ap- 
parently not as yet (1953) had its effect in the present 
decade. It will be of considerable importance to 
observe the glaciers in this region during the re- 
mainder of the 1950’s in order to learn whether this 
relationship is true. A more comprehensive review 
of meteorological data from this region by a mete- 
orologist is strongly urged at this time. 


POSTGLACIAL FORESTS 


INTRODUCTION 

The foregoing discussion has dealt with the rela- 
tively short span of the last several hundred years. 
As stated earlier the objective was to investigate not 
alone the late-postglacial environments but also the 
conditions, as it may be possible to determine them, 
throughout the postglacial millennia. To achieve 
this, peat sections were taken from bog and marsh 
deposits and the sediments examined in the laboratory 
both macroscopically and microscopically. Where 
such material dates back to the time of local dwin- 


dling of the late-Wisconsin Cordilleran Glacier Com- 
plex, a complete record of postglacial vegetational 
behavior may be preserved. This record may be de- 
termined by statistical study of the changes in the 
proportions of pollen and spores from one level to 
another in the sections. Changes in the composition 
of the vegetation as indicated by the microfossils ac- 
cordingly imply environmental alterations. The 
principles of this research method have been well pre- 
sented by Cain (1939), Erdtman (1943), and Faegri 
& Iversen (1950) among others. 

Four peat sections were obtained, two in Jasper 
Park and one each in Robson and Banff Parks (Fig. 
1). Prior to this the pollen stratigraphy of peat 
deposits had not been investigated in the parks, al- 
though several regional studies had been made by 
Erdtman. (1931) and Hansen (1949a, 1949b, 1950, 
1952, 1955). For several reasons localities suitable 
for peat study are rather infrequent in this part of 
the Cordillera. 

Most lakes are of the tarn type and are fed during 
the warmer part of the year by melt-water from 
glaciers which lie above them. Such water bodies 
consequently are silt-laden and have low temperatures. 
These factors, along with the periodic disturbance by 
avalanches from the steep cliffs that commonly border 
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the lakes, inhibit the growth of peat-forming plants. 
Although many of the tarn lakes were displaced by 
glaciers as recently as a century ago, and would not 
be expected to possess much plant life, others have 
not been oceupied by glaciers for at least hundreds 
and probably thousands of years. 

Lakes on the valley floors commonly owe their 
formation to shifting river courses. They are gen- 
erally shallow and are gradually undergoing filling. 
Peat accumulation is poor with sediments rich in 
alluvium but low or lacking in pollen. Since the 
rivers are constantly changing course, peats are simul- 
taneously being formed and eroded out. Any study 
of such lake sediments is of questionable value as the 
peat is probably youthful and records only a short 
interval of postglacial time. 

A closed lake basin formed by the melting out of 
ice that originally was part of the late-Wisconsin 
Cordilleran glacier would be ideal for our purpose. 
Such so-called kettles usually remain undisturbed as 
peat filling gradually displaces the water body. This 
type basin was observed in the parks in one general 
area only. What appears to be a pitted kame terrace 
lies north of the Miette River near Jasper, and nu- 
merous lakes are to be found. The apparent absence 
otherwise of this type ice-contact feature is probably 
largely a result of postglacial erosion by melt-water 
from the retreating Cordilleran complex and from 
the glaciers that had become rejuvenated in recent 
centuries, 

As a final point, only a relatively small area in this 
region is sufficiently level so as to provide surfaces 
for peat development. This fact coupled with the 
points previously mentioned further reduces the 
likelihood of appropriate sampling sites existing. 
The above explanations are offered based on our search 
not alone along the park highways in the major val- 
leys but also during trips to the sources of the Robson, 
Athabaska, Howse, and Yoho Rivers where considera- 
ble opportunity was afforded to examine the terrain. 

SAMPLING SITES AND PEAT SECTIONS 

Moose Lake is located in Robson Park approxi- 
mately 36 mi. by road west of Jasper. It is 1 mi. in 
width and 7 mi. in length at an elevation of 3386 ft 
and is formed as a widening of the upper Fraser 
River. The valley above the lake is at a low gradient, 
18 ft per mi. for 18 mi. to Yellowhead Pass on the 
continental divide at 3711 ft elevation. Drainage is 
sluggish while changes in the course of the river have 
brought about the formation of sloughs or back- 
waters. Such places have become sites of peat ac- 
cumulation with various stages of filling being repre- 
sented. 

Several soundings were made along the Fraser 
River drainage above Moose Lake. The deepest was 
taken 14 mi. from the lake on the north side of the 
river and is that from which samples were collected 
for study (Fig. 1). The surface of the peat was 
covered with standing water except for the larger 
sedge tussocks. The following plants are representa- 
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tive of this sampling site: Equisetum laevigatum, 
Triglochin maritima, 
caespitosus, Carex lasiocarpa, Betula glandulosa, Dro- 
sera longifolia, Menyanthes trifoliata, and Utricularia 
intermedia Hayne. A few poorly developed trees of 
black spruce were growing bordering the nearby up- 
land. The peat which reached 2.0 m in depth is es- 
sentially derived from sedges. Some horsetail rhi- 
zomes are layered near the surface, and buckbean 
seeds were noted between 1.1 and 14 m. At 1.7 m 
the peat merges with inorganic river alluvium which 
continues to the base of the section. 

The Jasper section is from a senescent lake 2 mi. 
north of Jasper and at 4000 ft elevation between 
Pyramid and Patricia Lakes (Fig. 1). The lake 
occupies one of many depressions found on the kame 
terrace north of the Miette River and its confluence 
with the Athabaska. Its surface which is largely bog 
is generally ovate in outline, oriented northeast by 
southwest, and with maximum length and width meas- 
uring respectively approximately 600 by 250 ft. 

The original water body that occupied the basin has 
been greatly reduced in size. At its broadest portion 
near the southwest end, the lake is cireular in outline 
and estimated to be 100 ft across. The water level 
apparently fluctuates as indicated by high-water 
marks on the plants. In late August when the site 
was visited the water level was a foot below its usual 
level. No surface outlet was observed along the rim 
of the depression. 


Eleocharis palustris, Scirpus 


The vegetation of the bog portion is predominantly 
sedge (Carex vesicaria, C. lasiocarpa) while repre- 
sentatives of Parnassia montanensis, Potentilla palus- 
tris (L.) Seop., Menyanthes, and Utricularia were 
frequently noted. A ring of bulrush (Scirpus vali- 
dus) surrounds the open water, and farther re- 
moved, low birch (Betula glandulosa) is growing on 
the drier parts of the bog. No black spruce nor other 
arboreal species has as yet invaded the bog. Along 
the northwest rim of the basin a pure stand of quak- 
ing aspen occurs while on the opposite margin the 
trees are lodgepole pines with some spruces and only 
occasional aspens. 

The peat section removed measured 4.5 m in length 
and was taken from near the open water just behind 
the zone of bulrushes. The uppermost meter is large- 
ly fibrous sedge peat; below this limnie peat occurs to 
a depth of 4.0 m. Sand mixed with colloidal size 
particles forms the remainder of the section. <A 
sharp boundary exists between the sedge and limnie 
peats whereas a somewhat gradual transition occurs 
from the limnie to the sandy material at the bottom 
of the basin. The sedge-limnie peat boundary marks 
the overgrowing of the lake sediments by the periph- 
eral sedge mat. At 3.0 m depth a stratum of fine 
gray material is conspicuous in the section; on micro- 
scopic inspection this deposit proved to be voleanie 
ash. Diatom frustules and remains of Cosmarium, 
Staurastrum, and Pediastrum are present in varying 
amounts at almost all the levels sampled. 

An additional section was obtained in Jasper Park. 
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In the vicinity of Sunwapta Falls along the Banff- 
Jasper Highway and approximately 2 mi. from the 
junction of the Athabaska and Sunwapta Rivers, 
there are several marshes. One in the drainage from 
Buck Lake and at an elevation of 5300 ft was sounded 
(Fig. 1) and proved suitable, although the deposit 
was rather shallow with a depth of 1.9 m. Fibrous 
sedge peat constitutes the organic portion of the 
section, except for a thin layer of moss peat near the 
surface. Sedge remains were not formed below 1.4 m 
and below 0.7 m silt occurs. Silt and sand compose 
the lower part of the section. At 0.6 m a thin layer of 
voleanie ash is present. 

The existing vegetation on the marsh is represented 
chiefly by sedges (Eleocharis palustris, Scirpus cae- 
spitosus, Carex limosa, C. lasiocarpa, and C. vesi- 
These grow in the wetter areas along with 
Menyanthes, Utricularia, Pinguicula, and _ several 
other plants. The drier areas are covered in part by 
Betula and Ledum along with lodgepole pines and 
black spruces. 

The fourth and final sampling was done in Banff 
Park along Moraine Lake Road south of the town of 
Lake Louise (Fig. 1). The site is a small marsh in 
the Valley of the Ten Peaks located approximately 
21% mi. from Moraine Lake and 5 mi. from Lake 
Louise at an elevation of 6400 ft, the highest of the 
stations sampled. 

The deposit is 2.0 m deep. The organic fraction 
reaches to 1.8 m below which coarse gravels are mixed 
with finer material. Sedge peat occurs largely in the 
upper meter while from 0.8 to 1.8 m woody material 
Some bryophytic remains are near 
basal sediments contain a small 


caria). 


predominates. 


the surface. The 
amount of voleanie glass. 
METHODS 
Peat sections were collected using the conventional 
Hiller type borer. Tubular duraluminum shafts 


(Lichtwardt 1952) each 1 m in length were jointed 
to the borer to reach to the bases of the peat deposits. 

Sampling was by increments of 42 m which is the 
chamber length of the borer. Samples were taken at 
every decimeter, placed in glass vials, and treated with 
aleohol preservative as several months were to elapse 
before laboratory preparation. 

Samples were boiled in a dilute potassium hydrox- 
ide solution and stained with a few drops of aqueous 
gentian violet for microscopic study. Much of the 
peat was caleareous which necessitated prior treat- 
ment with cold 10% nitric acid to dissolve the lime. 
Subsequently the remaining undissolved material was 
washed, centrifuged, and boiled in potassium hydrox- 
ide as indicated above. After straining out the macro- 
scopic particles, the microscopic remains were sep- 
arated by centrifuging and mounted in glycerine 
gelatin mixture on microscope slides. 

Using magnifications of 100 and 440x, 100 to 
150 arboreal pollen grains were counted for each 


decimeter sample. The percent representation of 


each species or genus was calculated from level to 
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level, and diagrams of the peat sections and pollen 
profiles for pine, spruce, fir, western hemlock, and 
Douglas fir in each of the four deposits of this study 
were prepared (Fig. 13). 

POLLEN PROFILES 

At first inspection the diagrams containing the 
pollen profiles (Fig. 13) seem to show only minor 
and inconsistent trends. Pine is predominant through- 
out and followed successively in decreasing im- 
portance by spruce and fir. The pine appears to be 
chiefly lodgepole with some whitebark pine, the spruce 
mostly Engelmann with lesser amounts of white and 
black spruce, and the fir almost all alpine fir. No 
effort was made to separate the pollen of the species 
in each genus. Western hemlock and Douglas fir were 
present in amounts not greater than 2 or 3%. 

After careful examination certain features become 
apparent. This is particularly true in the Jasper 
profiles which represent the longest record of the four 
sections. As will be pointed out later, the three 
other sections contain a more recent account of the 
past vegetation. 

Pine in the Jasper section is most abundant near 
the bottom while subsequently it declines; later, and 
upward to the surface, a gradual increase through a 
series of fluctuations is shown. Spruce conversely is 
least abundant in the basal sediments but above these 
becomes increasingly abundant in the lower portion 
of the profile whereas in the upper profile it decreases, 
Fir registers greater proportions of pollen in the 
bottom meter and in the upper part of the limnic 
peat; the middle third and the uppermost levels con- 
tain the least amounts. Western hemlock is largely 
confined to the upper 4% m and Douglas fir to the 
mid-portion of the section. The generalized sequence 
begins with pine-spruce-fir and succeeds to pine- 
spruce-Douglas fir, thence to pine-spruce-fir and final- 
ly to pine-spruce-western hemlock. 

The above succession suggests that initially lodge- 
pole pine and some spruce and fir were important 
invaders following deglaciation. These early forests 
were replaced by spruce and fir in part while owing 
to instability of the land, resulting from mud flows, 
avalanches, outbursts of glacier-dammed lakes, and 
so forth, lodgepole pine continued to dominate the 
landscape. The greater proportion of fir in the early 
forests would imply a slightly colder environment. 
The decline of this genus in the vicinity of the vol- 
eanie ash horizon at 3.0 m depth and in the meter or 
so of sediments above would imply slightly warmer 
conditions. No large temperature change is signified 
as spruce reaches its maximum during this interval. 
The presence of Douglas fir at this time however, also 
suggests warming and with some drying. Hansen 
(1948) considers Douglas fir in the northern Rockies 
to be second to yellow pine among the arborescent 
species with regard to its tolerance of xerism while 
Sudworth (1918) has pointed out that the altitudinal 
limit of this species is temperature-conditioned. Thus, 
under an environment where moisture was not limit- 
ing, a rise of temperature may explain the apparent 














TREES ee 








October, 1956 


DEPTH IN METERS 
aay O: 





- 


1.0 








MOOSE LAKE 





2 
q 


HA 


= 
°o 
n 
n 


= 


wo 
m 
=] 
a 
m 


fl 


2525 
Es 
O 
= 
= 
a 


i 

oO 

z 

m 

2 

yn 
TM 











PosTGLACIAL ENVIRONMENTS 


p 4 


% \0 20 30 40 50 60 70 80 90 


0.0 
rl.0 
2.0 
] 
3.0 
—t- 4.0 T T T T T 




















10 20 30 10 10 10 





TSUGA HETEROPHYLLA 
PSEUDOTSUGA 


PICEA 
ABIES 


~~ ee 














ITT % \0 20 30 40 50 60 70 80 90 10 20 10 10 10 


JASPER 












ITT ) 
WH } 
; 




















% 10 20 30 40 50 60 70 80 90 10 10 10 10 
SUNWAPTA FALLS 











m 


Uy 
% 10 20 30 40 50 60 70 80 90 10 20 10 10 

















a i oe 
wow 





T T 


MORAINE LAKE ROAD 
Fig. 13. Peat sections and pollen profiles for postglacial deposits in the Canadian Rocky Mountains. 
Names of genera and species indicated for Jasper correspond with profiles for other sites shown. 


expansion of Douglas fir in an area where today it is 
infrequent. 

In regard to this point mention should be made of 
the Douglas fir profiles for two bogs studied by Han- 
sen (1948) in the Glacier National Park region to the 
south. The peaks for this species coincide with the 
warm-dry maximum which interestingly also coincides 
with prominent voleanic ash horizons in the bogs. 


In Pacific Northwest pollen profiles Hansen (1947a) 
has shown this ash, which he relates to the eruption 
of Glacier Peak in the northern Cascades, to ecor- 
respond generally to the xerothermic interval. It is 
important also to mention, for the sake of correctly 
interpreting the pollen profiles of this study, that 
one of the two bogs (Johns Lake) in Glacier National 
Park is of similar depth as the Jasper bog lake (4.0 
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m) and the ash horizon is interbedded at the same 
level. (3.0 m). 

Bogs studied by Hansen (1949a and b) to the east 
of Jasper contain small amounts of Douglas fir pol- 
len or none at all. The nearest of his sites, called 
the Edson bog, 80 mi. distant but located within the 
area of the Cordilleran forest, exhibits this species 
in amounts no greater than 3%. Oddly enough the 
pollen is largely in the upper half of the profile, and 
none occurs in proximity to the well-defined volcanic 
glass layer at 4.4 m but rather above it. <A grass- 
chenopod-composite maximum which Hansen inter- 
prets as a xeric indicator is, however, identified with 
this glass. It is to be noted that another bog ap- 
proximately 70 mi. further east and 55 mi. from 
‘dmonton (Entwhistle bog) contains a layer of vol- 
canie ash at 3.0 m, such as in the Jasper sediments, 
while still another about 20 mi. southeast of Edmon- 
ton (Cooking Lake) reveals ash at 2.8 m. In a more 
recent study in south-central and central British 
Columbia Hansen (1955) found a pronounced ash 
layer at essentially similar stratigraphic positions in 
at least 9 sections. The widespread nature of this 
ash and its seemingly similar age and place of origin 
(Glacier Peak, Washington) make it an extremely 
useful time marker, although the environment pre- 
vailing at the time of its fall may have varied with 
both latitude and longitude. 

Horberg (1952a and b, 1954) in the course of his 
work on regional Pleistocene deposits of southern 
Alberta has been concerned with what presumably is 
the sarae ash as that occurring in bogs in Glacier 
National Park, in the Jasper bog lake, and at sites 
eastward to Edmonton and elsewhere. In a recent 
study Horberg & Robie (1955) examined samples of 
this ash (named by them Galata ash after the type 
locality in Montana) from 7 exposures encompassing 
an area of at least 15,000 sq. mi. in the southern 
province and adjacent Montana. The stratigraphy 
and physical properties of the ash indicate a common 
source in a single eruption. Glacier Peak is as- 
signed as the possible source voleano; no conclusive 
correlations with Glacier Peak ash have as yet been 
made, although some work on this problem has been 
earried out by Waters (1939) who has followed the 
ash on late-Wisconsin drift into eastern Washington 
from the northern Cascades. 

Returning to the Jasper section, the pine-spruce- 
Douglas fir interval, essentially contemporaneous with 
a prominent volcanic ash horizon, is superseded by 
pine-spruce-fir. The rise of fir is interpreted as 
suggesting a return of somewhat cooler climate. The 
presence of small amounts of western hemlock in the 
upper one-half meter of peat may be indicative of a 
slight increase of moisture. Western hemlock does 
not occur in the Jasper area but was observed nearest 
along lower Robson River, about 45 mi. west. Halli- 
day and Brown (1943) show it oceurring on the west 
slopes of the main range of the Rockies in south- 
eastern British Columbia. Accordingly, the pollen of 
this species has been blown in from the west. 
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At Jasper, lodgepole which is lowest in proportion 
just below mid-section becomes somewhat more plenti- 
ful along with fir and western hemlock in the upper 
half of the section. This may be a response to in- 
creased disturbance brought on by fire or the late- 
postglacial rejuvenation of glaciers with the attendant 
lowering of the regional snowline. 

The existence of other regional pollen records 
(Hansen 1949a and b) is helpful in interpreting the 
Jasper profiles. Specifically, the Edson and Ent- 
whistle bogs, respectively 80 and 150 mi. to the 
northeast of Jasper, have aided considerably in cor- 
roborating the findings in the Jasper bog lake. In 
general, the following succession is found in these: 
initially spruce-pine, followed by spruce-pine-fir (or 
pine-spruce-fir), pine-spruce-grass, chenopod, compos- 
ite complex (or pine-spruce), spruce-pine-fir, and 
finally pine-spruce (or spruce-pine). 

The striking voleanic ash layer present in the three 
sections aids in correlating the pollen records. The 
increase in numbers of grass, chenopod, and compos- 
ite pollen in association with ash in the Edson see- 
tion is contemporaneous with the appearance of 
Douglas fir in proximity to the ash at Jasper. The 
location of the Edson section nearer the Alberta 
grasslands is probably an important factor in the 
recording of the maximum of these xerothermic in- 
dicators. Hansen (1949a) has suggested that the 
extension of regional prairie into parkland as shown 
by black and brown soils in these areas today, and 
into the boreal forest as shown by podsolized prairie 
soils, may have occurred during the increase of grass, 
chenopod, and composite pollen. It is noteworthy 
that profiles from south-central Alberta also exhibit 
this maximum. The site at Cooking Lake, 20 mi. 
southeast of Edmonton, shows these indicators identi- 
fied with voleanie ash (Hansen 1949b). 

The profiles below the ash in Hansen’s two sec- 
tions nearest Jasper also display higher proportions 
of fir in association with spruce and pine and suggest 
a cooler environment. The Jasper and Edson sections 
do not reveal an initial spruce-pine episode as in the 
Entwhistle section. A comparison of the relative 
amounts of spruce, fir, and pine below the ash in the 
three sections is of interest. The Entwhistle bog 
farthest east contains the largest amount of fir and 
spruce, the Edson bog less, and Jasper the least. The 
Jasper site on the other hand possesses the highest 
proportion of pine with less at Edson and the least 
amount at Entwhistle. Thus, along this east-west 
transect, fir and spruce progressively increase east- 
ward whereas pine increases we-tward. 

In the three bogs and above the ash, fir registers 
an increase indicative of reversion to a cooler climate. 
Aside from certain fluctuations, the general relation- 
ships set below the ash by the genera in the preceding 
paragraph remain by and large the same. It is some- 
what difficult to account for the fact that in the bogs 
the proportion of spruce and fir increases while that 
of pine decreases away trom the main range of the 
Rockies and nearer the edge of the Cordilleran forest. 
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One explanation is offered that physiographic, 
edaphic, and pyric disturbances, likely to be more 
prevalent in and nearer the main range, have main- 
tained the relatively high proportion of subclimax 
lodgepole. These disturbances (particularly physio- 
graphic and edaphic) were no doubt manifest during 
the time glaciers were melting out following late-Wis- 
consin glaciation and over the episode of glacier re- 
juvenation following the xerothermic interval. The 
low percent of pine at 2.3 m above the ash in the 
Jasper section may mark a short time when glacier 
disturbance had been minimized. The pine low in 
the Edson bog oceurs at 3.4 m which is above the ash 
and stratigraphically related. 

The greater amounts of spruce and fir above the 
ash in the Entwhistle and Edson bogs are perhaps a 
result of the climax forest trees growing on their 
surfaces (Hansen 1949a). This condition 
has no doubt affected a local pollen rain, thus redue- 
ing the amount of subelimax pine pollen compared 
with that of climax spruce and fir. The Jasper bog 
has not been succeeded by arboreal vegetation of any 
type, and thereby no local influence has prevailed. 

The remaining sections studied in the parks (Fig. 


mature 


13), as mentioned earlier, contain a much shorter 
The Moraine Lake Road section 
Two features indicate that this 


record of the past. 
is the next younger. 
deposit originated about the time of the xerothermic 
maximum: (1) the ash near 2.0 m depth and (2) the 
ligneous peat constituting the lower half of the see- 
The ash is correlated with the distinctive ash 
As will be seen voleanic glass occurs 


tion. 
layer at Jasper. 
in the upper peat of the Sunwapta Falls section ( Fig. 
13), and a second relatively thin layer of ash is 
present in the Edson and Entwhistle bogs in the up- 
per one-half meter of peat, but these are stratigraphi- 
cally further removed and logically appear less re- 
lated to the ash in the Moraine Lake Road deposit. 
The relationship of wood peat overlain by sedge and 
moss peat is indicative of the late-postglacial de- 
velopment of a more humid type climate. Such tran- 
sition is commonly found in Alaskan and British 
Columbia Pacific coast muskegs {Heusser 1952, 1953, 
1954a, 1955b). A moisture increase is also implied 
by the western hemlock pollen present while fir pol- 
len suggests cooling as well. Irregularities in the 
pine and spruce profiles may be a response to fires. 

Pollen profiles for the Moose’ Lake and Sunwapta 
Falls sections (Fig. 13) are presumably of late-post- 
glacial origin although their genesis cannot be fixed 
more exactly. The xerothermic ash found elsewhere 
may not have fallen at these sites; on the other hand, 
this ash may have been washed out owing to the 
of these deposits along active drainage 
courses. Ash at 0.6 m at Sunwapta Falls is probably 
related to vuleanism in the Coast Mountains to the 
west where recent activity in the Nass, Iskut, and 
Unuk Rivers region has occurred (Kerr 1936). No 


position 


relationship is drawn with ash from the 1912 erup- 
tion of Mount Katmai in Alaska as it is improbable 
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that over 4% m of peat could have formed above the 
ash at Sunwapta Falls in less than 50 years. 

Both sections contain small amounts of fir, Douglas 
fir, and western hemlock pollen, although all three 
trees are best represented at Moose Lake with fir 
most abundant of the four sections of this study. 
Spruce is likewise most abundant at Moose Lake, 
although fires apparently have been responsible for 
lodgepole pine replacing this tree as well as fir. At 
Sunwapta Falls the gradual succession of lodgepole 
to spruce, which is shown over most of the section, 
has quite recently been interrupted. 

The absence of Douglas fir pollen at and near the 
surface of the Moose Lake and Jasper sections should 
be noted since this species was observed growing near 
Jasper on the road to Patricia and Pyramid Lakes, 
along the Miette and Fraser Rivers east of Moose 
Lake, and further west along Robson River, a tribu- 
tary of the Fraser. 
pointing out that a species may grow in a particular 


These data are significant in 


area while its pollen is not found in nearby peat. Ap- 
parently at an earlier time Douglas fir was a relative- 
ly more important component of the regional forest. 

Pollen profiles and peat sections from the parks 
by way of a summary do not clearly show striking 
When correlated with Han- 
sen’s studies to the east, however, considerable sup- 
port is afforded the interpretation of the material. 
The findings indicate a generally cool climate through- 
out postglacial time with various types of disturb- 
continuing. <A slightly warmer and drier 
episode contemporaneous with vulcanism affected the 
region sometime between the early and late post- 
glacial, while recent centuries appear to have become 
slightly more humid. 


environmental changes. 


ances 


POSTGLACIAL CLIMATES AND CHRONOLOGY 

The interpretation of postglacial climatic fluetua- 
tions and other environmental changes has been based 
almost entirely upon the glacier variations and pol- 
len profiles. These indices offer a medium for de- 
termining both the magnitude and direction of change. 
Glacier advance and retreat constitute a quantitative 
as well as qualitative measure of largely late-post- 
glacial time; the pollen profiles on the other hand 
presumably include much if not all of 
time but are essentially qualitative. 


postglacial 
In this diseus- 
sion glacier behavior in recent centuries and the en- 
vironmental implications will be treated first while 
subsequently the postglacial aspects from 
the evidence available will be taken into account. 
North American temperate glaciers appear to have 


-arlier 


registered four prominent maxima in recent centuries. 
The earliest by of botanical and 
geological methods dates from the latter half of the 
seventeenth century while those subsequent are from 
various times during the eighteenth, nineteenth, and 
twentieth centuries. 


recorded means 


Not all maxima are known to 
have oceurred in any single region, although reces- 
sional moraine formation in one may have been c¢om- 


All but 


parable to a climactic advance in another. 
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the last maximum are recorded from Canadian Rocky 
Mountain glaciers; the earliest is known only from 
this region and the Olympic Mountains in Washing- 
ton (Heusser 1956). 

Notable climaxes were most widespread during the 
eighteenth and nineteenth centuries. Cooper (1937) 
recorded 1735 to 1785 as the earliest period for re- 
treat of the Glacier Bay, Alaska ice front. Glaciers 
of the Juneau Ice Field in southeastern Alaska began 
receding at various times between 1700 and 1775 
(Lawrence 1950a, 1953; Heusser 1955c) and one of 
these, the Mendenhall, appears to have readvanced 
sometime between 1832 and 1865 (Lawrence 1950a). 
In Garibaldi Park in the Coast Mountains of south- 
western British Columbia, the climax of Sphinx and 
Lava Glaciers was about 1725 whereas that for Helm 
Glacier was about 1865 (Mathews 1951). Blue, Hoh, 
and White Glaciers on Mt. Olympus in the Olympic 
Mountains attained their most recent: maxima in the 
early 1800’s, in most places reaching beyond the promi- 
nent stand of the seventeenth century (Heusser 1956). 
Glaciers on Mt. Hood in the Oregon Cascades reached 
their outermost positions about 1740 and registered 
a minor advance about 1840 (Lawrence 1948). Com- 
mander Glacier in the Purcell Mountains of British 
Columbia, according to West (1955), formed two 
prominent moraines, one about 1850 and the other 
about 1890 while Scott Glacier in our study area 
retreated from its maximum no later than 1780 and 
formed a small moraine about 1825 (Schafer 1954). 
Further to the southeast in the Colorado Rockies, 
Richmond (1954) has identified the latest glacial 
episode with the period 1640 to 1860 A.D. 

Twentieth century activity has been shown for 
Prince William Sound, Alaska (Field 1937, Cooper 
1942). Columbia Glacier in the Sound was largest 
between 1914 and 1922 and not further advanced 
during the preceding 500 years. This situation is 
comparable to that of Norris Glacier in southeastern 
Alaska which in 1910 had not been beyond its posi- 
tion at that time for almost 5 centuries (Muntz 1955). 
Noteworthy is the fact that nearby. Taku Glacier was 
still advaneing in 1955. 

Renewed alimentation of glaciers has been observed 
in several places during the present decade. Photo- 
graphs taken of the terminus of Blue Glacier by Gun- 
nar O. Fagerlund (personal communication), Park 
Naturalist of Olympic National Park, in September of 
1953 and 1955 indicate thickening of the tongue as 
well as terminal advance. Aerial photography and 
reconnaissanee of glaciers in the northern Cascades of 
Washington by Richard C. Hubley (1956) and Ed- 
ward R. LaChapelle in September 1955 revealed 
numerous eases of enlargement relative to sizes in 
1950. Coleman Glacier on Mt. Baker is one of 
these and has also been reported by Bengtson and 
Harrison (1955). The thickening of the snout of 


Commander Glacier in the Purcells (West 1955) be- 
tween 1947 and 1954 is significant, as is the strongly 
positive budget determined for Lemon Creek Glacier 
(Edward R. 


for the 1954-1955 budget year La- 
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Chapelle, personal communication). These data may 
be indicative of incipient glacier regeneration in the 
Canadian Rocky Mountains, as well as other parts of 
North America not noted above, especially in view 
of the activity suggested by the meteorological record. 

A paper by Longley (1954) dealing with tempera- 
ture trends in Canada clearly demonstrates the gen- 
eral warming since the relatively cold 1880’s. All 
curves are not uniform, however, as among other 
fluctuations temperatures are continuing to rise in 
the east whereas in the west all curves show cooling. 
In this respect the Banff temperature record (Fig. 
2a) is consistent in trend with the western curves, al- 
though the most recent cooling began five or more 
years earlier at this station. Not all western curves 
reveal the temporary lowering of temperature during 
the second decade of this century; again those that do, 
notable 9 stations for coastal and interior British 
Columbia, do so somewhat later. Longley’s Alberta 
curve, consisting of data from Banff, Calgary, Ed- 
monton, Fort MeMurray, and Medicine Hat, shows no 
important temperature fall at any time previous to 
that apparent at the close of the first half of this 
century. Banff data have apparently been smoothed 
by averaging with data from the other stations. 

Records from elsewhere in North America indicate 
a general upward swing of temperature since about 
1875 while previous to this date and after 1810 cli- 
mate, as shown by New Haven, Connecticut data, was 
relatively cool (Kincer 1933, 1946). Annual tem- 
peratures for the entire United States for the first 
half of this century and based on thousands of 
records are low in 1920, after falling since about 
1900, higher by 1940 and later decline. Willett 
(1950) finds an upward trend in temperatures since 
about 1885 although this has not been uniform 
throughout the world. Data show it to be most pro- 
nounced in the higher middle and polar latitudes 
of the northern hemisphere. In 1953 Manley (1954) 
stated that the minor amelioration between the 1920's 
and the late 1930’s-1940’s appeared to be ending or 
had just ended. Ahlmann (1953) earlier remarked 
that in most places the climatic improvement had 
culminated during the 1930’s and 1940's. 

Schulman (1953) has compared tree growth near 
Banff with the precipitation record at that station. 
A direct similarity is clearly evident. His data show 
that the maximum rainfall near 1900 (see Fig. 2b) 
appears to have been as great as or greater than any 
in the past three centuries. Other prominent growth 
maxima evident in Schulman’s curve are at about 
1670 and 1830 while secondary maxima occur at about 
1615, 1710, 1725, and 1780. The interval between 
1830 and 1900 discloses relatively little growth. As- 
suming these dates to represent times of glacier 
nourishment, and assuming lags between these dates 
and glacier termini responses, the curve shows a re- 
markable correlation with over-all glacier variations. 
Further, since rainfall is indicated heaviest near 1900, 
and glacier response shortly after this time was only 
moderate compared with the strong advances of the 
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seventeenth, eighteenth, and nineteenth centuries when 
rainfall was less, the implication arises that tempera- 
ture was lower prior to 1900 and played a significant 
part in the earlier advances. Not all rainfall fluctua- 
tions will correspond exactly, as the curve of growth 
at Jasper suggests. The 1900 maximum at Banff ap- 
pears to have occurred about 1880 at Jasper. 

In the course of studies in the parks a search was 
made in the timberline zone for evidence of any form- 
er extension of trees to higher altitudes suggesting 
a higher snowline. At least 7 localities were 
visited in different parts of the zone in Jasper 
and Banff Parks, and at 4 of these rotting 
fallen tree trunks, larger in size than any of the liv- 
ing trees standing nearby, were found. At 3 of these 
4 places, fire could not be entirely ruled out as having 
been the cause in destroying the early tree cover. 
The timberline zone along Dolomite Ridge, east of 
Bow Lake in Banff Park, contains such fallen timber 
as mentioned above. The branches of these trees are 
in several eases still intact with no indication of 
charring evident. Fires have occurred on the lower 
slopes of this ridge as shown by charcoal mixed in 
the ground litter whereas no signs of fire were ob- 
served on or about the dead fallen trees on the upper 
slopes. One tree was over 2 ft in diameter just above 
the buttress near the base of the trunk. Living trees 
in the area are much smaller and characteristically 
grow in what have been ealled “atolls” (Griggs 
1938, Hansen 1940) where single mother trees have 
reproduced vegetatively. In the vicinity of Lake 
Louise Griggs (1938) observed many large dead trees 
of Lyall’s larch at the edge of the forest where only 
small deformed trees were then growing. The pres- 
ence of dead remnants of an early more thrifty 
forest in the timberline zone where at present only 
smaller living trees prevail in the absence of fire, 
such as on Dolomite Ridge, may represent a time of 
amelioration when the snowline was higher prior to 
its lowering in recent centuries. 

Studies by others working elsewhere in North 
America may have bearing on the Canadian Rocky 
Mountains, although insufficient data from our area 
prevent comparison with some of these at this time. 
Ives’ (1955) statement that the water level in Great 
Salt Lake, Utah, which had erratically declined from 
about 1870 to 1945 and has since risen to about the 
same level as in 1870, agrees with the general trends 
of the Banff precipitation curve insofar as available 
data can be compared (Fig. 2b). The work of Sears 
et al. (1955) has furnished evidence that the lake 
formerly occupying the basin of Mexico City was at 
its minimum about 500 B.C. whereas by 800-900 
A.D. it had been replenished ; also, the Archaic culture 
of 2500-500 B.C. was separated from the Nahua 
culture of 900-1500 A.D. by a dry interval during 
which the Teotihuacan culture became dominant (500 
B.C.-900 A.D.). Antevs (1955) has summarized a 
considerable amount of data from western North 
America from which he has indicated periods of 
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drought about 500 B.C., 330 A.D., 1276-1299 A.D., 
and 1573-1593 A.D. 

A general correlation appears evident between 
variations of glaciers about the North Atlantic and 
western North America as summarized by Ahlmann 
(1948b, 1953) and from data presented in part by 
Faegri (1934, 1948), Eythorsson (1935), and Thor- 
arinsson (1940, 1943). More recently Manley (1954) 
has attempted transatlantic correlations with regard 
to climatic change and states that such are evident to 
a large extent, particularly with the more reliable 
records since 1880. Mention should be made of the 
recent papers by Brooks (1949a) and Manley (1953) 
that contain interesting discussions relating to this 
topie. 

In view of the degree of American-European rela- 
tionships concerning glaciers and climatic change, the 
early meteorological records available in Europe are 
worthy of review. Brooks (1949b) has summarized 
the pertinent information. The sixteenth century 
appears to have been cold and dry whereas toward its 
close and during the early seventeenth century, in- 
crease in humidity and later temperature rise brought 
about considerable snowfall. Brooks considers this 
period equivalent to the “little ice age”; he states that 
it began in the Alps and Iceland about 1600 and 
reached its maximum about 1643. The first half of 
the eighteenth century was marked by a lack of snow- 
fall and probable high summer temperatures in the 
Alps (glaciers receded); in Norway snowfall in- 
creased and glaciers advanced. The latter half of 
this century experienced a change to milder winters 
and cooler, more humid summers. Glaciers receded 
except for the severe winters of 1794 and 1810 and 
the period about 1850. Since the mid-nineteenth 
century winter temperatures have risen slowly to 
1900 and rapidly thereafter to the late 1930’s. Since 
1940 winter temperature had fallen. 

The primary control of both glaciers and vegeta- 
tion by climate provides a means for interrelating 
this factor and the pollen profiles and glacier varia- 
tions. An attempt has accordingly been made to trace 
the changes in location of glacier termini since the 
waning of the late-Wisconsin Cordilieran Complex 
using pollen data to interpret the pre-sixteenth cen- 
tury positions (Fig. 14). The radiocarbon date for 
Robson Giacier advance (450 + 150 years ago, ac- 
cording to J. L. Kulp) has indicated the early de- 
velopment of the late-postglacial ice maximum. Ra- 
diocarbon dates (Libby 1951) for a buried peat bed 
near Waterton, Alberta (3327 + 320 and 3261 
+ 250 years of age) have been assigned by Horberg 
& Robie (1955) to a “little ice age” cirque moraine 
since valley gravels overlying the bed lead back to 
this feature in the mountains. The Waterton area, 
165 mi. southeast of Banff and in the main range of 
the Rockies, would seem to be related in a general 
way to that under consideration in this study. The 
thermal maximum (Fig. 14) has been placed between 
approximately 7000 and 3500 B.P. while the dwin- 
dling of the Cordilleran Complex has been figured at 
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uniform and have been drawn so as to include all data while also placing emphasis on the late-postglacial 


ice maximum. 


Curve has been generalized prior to 1500 A.D. while since that date and up to 1953 varia- 


tions are based on collective behavior of the glaciers studied; the length of glaciers during the thermal 


maximum is unknown, and it has been assumed that the longer glaciers today were less than 


length at this time. 


about 10,000 B.P. This later date is based on the time 
of the Mankato maximum at Appleton, Wisconsin 
(10,856 + 410 years, Libby 1954) as discussed by 
Flint (1955). Linear recession from near Edson, 
Alberta is considered from the work of Rutherford 
(1941) and the glacial map by Flint et al. (1945) 
although the location of Calgary could have been 
chosen as well. One drawback concerning the use of 
Edson or Calgary in Fig. 14 is that it is unknown 
whether drift at these places is late-Wisconsin or 
pre late-Wisconsin in age, and considerably more 
field work on this and other problems will be neces- 
sary before exact relationships can be drawn. The 
inclusion of the Bralé Lake moraine is likewise tenta- 
tive as regards its age. The postglacial as here de- 
scribed in general conforms with Antevs’ Neothermal, 
the last 10,000 years, which is divided by him into 
the Anathermal, Altithermal, and Medithermal, cor- 
responding with the early, middle, and late post- 
glacial (Antevs 1953, 1955). 


SUMMARY 
1. Glacier variations and pollen profiles provide evi- 
dence for reconstructing the postglacial environ- 
ments in the Canadian Rocky Mountains. The area 


10,000 ft in 


of investigation is constituted by Robson, Jasper, 
Banff, and Yoho Parks which are situated along 
more than 250 mi. of the continental divide in the 
provinces of Alberta and British Columbia. 


. nT . . a . . . . 
. The region is one of massive mountains consisting 


almost entirely of sedimentary rock that has been 
thrust and faulted into blocks and folds. Many 
peaks are over 10,000 ft and are the source regions 
for numerous ice fields and glaciers. Glaciation 
by the Cordilleran Glacier Complex affected much 
of the region although the higher peaks were not 
Climate is largely under the 
influence of Below the 
alpine zone which is above approximately 7200 ft, 
subalpine forest consisting principally of Engel- 


overridden by ice. 
-acifi¢ marine air masses. 


mann spruce and alpine fir is most widespread. 
Montane forest occupies a much smaller area and 
in composition is variable with lodgepole pine and 
white spruce representative east of the continental 
divide and western hemlock, western red cedar, and 
Douglas fir found to the west. 

Data were gathered from 12 glaciers between the 
vicinity of Mt. Robson to the northwest and that 
of Kicking Horse Pass at the southeast, a distance 


of 175 miles. Robson and Yoho Glaciers drain 
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westward; Angel, Columbia, Dome, Athabaska, an 
unnamed at the source of Hilda Creek in Banff 
Park, Saskatchewan, Southeast Lyell, Freshfield, 
Peyto, and Bow Glaciers discharge eastward. The 
Columbia Icefield, largest in the North American 
Rocky Mountains, is the nourishing area for the 
Columbia, Athabaska, Dome, and Saskatchewan; 
Wapta Icefield feeds the Peyto, Bow, and Yoho. 
Research methods involved the sectioning of trees 
tilted by ice-thrust during maximum stands, and 
also, the coring of trees of the ancient regional 
forest as well as those established on moraines and 
outwash. 

. Peat sections were removed from 4 deposits by 
means of a Hiller borer fitted with additional 
shafts. Sites are at Moose Lake, near Jasper, near 
Sunwapta Falls, and along Moraine Lake Road. 
The Jasper section was longest at 4.0 m in length 
and consisted of sedge peat overlying limni¢ sedi- 
ments in which a stratum of volcanic ash was pres- 
ent at 3.0 m depth. The pollen sequence shows 
pine-spruce-fir constituting the early record and 
succeeded by pine-spruce-Douglas fir, thence pine- 
spruce-fir, and finally pine-spruce-western hemlock. 

5. The environments implied by the pollen and glacier 
data are represented by intervals of cool and moist 
climate during the early and late postglacial with 
the thermal maximum interposed. The late post- 
glacial is coincident with glacier rejuvenation at 
which time a series of maxima was attained in the 
seventeenth, eighteenth, and nineteenth centuries. 
The latter is thought to have been the most dynamic 
since in several instances it exceeded, at least in 
part, positions reached by earlier advances. After 
about 1930, recession, whieh has been conspicuous- 
ly progressive from the second half of the nine- 
teenth century, has been more pronounced. This 
trend is in keeping with the meteorological record 
which shows warming and a decrease in precipita- 
tion from the late 1800’s up until the late 1930's. 
Since the early 1940’s temperatures have fallen and 
precipitation risen into the present decade. A lag 
in the response of glaciers to this most recent ¢li- 
matic change seems apparent as all termini visited 
in 1953 were retreating. Elsewhere in North Ameri- 
ca certain glaciers appear to be undergoing re- 
generation, particularly those in the Pacifie North- 
west. 
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INTRODUCTION 
Within a climatic region, the mosaic of plant com- 
munities is determined by combinations of a number 
of things: 
topography, biotic conditions, all modified by time. 


microclimates, soils, parent materials, 
In a region of any relief, it is the effects of topog- 
raphy and slope exposure on microclimates which 


produce the most common and predictable vegetational 


patterns. Some work on the relationships of micro- 
climates to plant growth and vegetational structure 
has been done in the middle latitudes. Within the 


last few years, a start has been made on such studies 
in the Aretie and even in alpine areas. Tundra re- 
gions, because they occur over such a long range of 
latitude from the Arctic to the high mountains of the 
temperate regions, provide an unusual opportunity 
to observe the relative effects of latitude versus ele- 
vation on microclimates, plant growth, and resultant 
Almost no such comparisons 


< 


vegetational structure. 
have been made, although work has been and is, going 
on independently and uncoordinately in the two kinds 
of tundras. It was the purpose of this study to in- 
vestigate by comparable methods the effects of lati- 
tude and elevation on tundra microclimatie types as 
Green 
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they affect plant responses in the Arctic and in the 
mountains of the middle latitudes. 

The present study was made in the arctic tundra 
of northern Alaska and in the alpine tundra of the 
Medicine Bow Mountains in southeastern Wyoming. 
Tundra as used here refers to the treeless expanses 
beyond climatic timberline both in the north and on 
the tops of high mountains. The Alaskan study w 
made during the summer of 1953 in and near Umiat. 
Alaska (approximately 152° 10’ W, 69° 22’ N and 
350 feet elevation above sea level). The alpine tundra 
work was done during the summers of 1954 and 1955 
in the Snowy Range of the Medicine Bow Mountains, 
approximately 40 miles west of Laramie, Wyoming, 
(106° 19’ W, 41° 20’ N and 11,000 feet elevation). 
Eight stations were established in Alaska and four in 
Wyoming. 


as 


The objectives were: first, to study the microen- 
vironments of various topographic locations including 
north- and south-facing slopes, ridge, and relatively 
in both second, to analyze the 
plant communities of these various locations; third, 


low areas regions ; 
to record the phenological development of the plants 
and to measure the rates of plant growth in these 
The phenological and plant 


growth data were analyzed in terms of the environ- 


microenvironments. 
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mental differences at the various stations. Finally, 
on the basis of such data, comparisons were made of 
the microenvironmental characteristics and plant 
communities of these two tundra regions which are 
separated by great geographical distances, yet which 
have many species and genera in common and in 
which the vegetational physiognomy is so similar. 

It was hoped that such a study would aid in a 
better understanding of the seasonal progression of 
various plant activities during short and relatively 
severe growing seasons. 

Appreciative acknowledgement is made to Dr. W. 
D. Billings for his guidance throughout the project, 
and to Boston University Physical Research Labora- 
tories under whose auspices the Alaskan part of the 
work was carried out. Thanks are also due to Dr. 
John E. Cantlon for his help with the Alaskan phase; 
to Mr. John H. Conover for analyzing the Alaskan 
microclimatie data; to Mr. Paul B. Swenson for his 
help with the arctic field work; to Dr. H. J. Oosting 
and Dr. John F. Reed for helpful suggestions; to Dr. 
Howard A. Crum and Dr. Lewis E. Anderson for 
identification of the mosses and liverworts; to Dr. 
H. L. Blomquist for identification of the Sphagnum; 
to Dr. William L. Culberson for identification of the 
lichens; to Dr. Alan A. Beetle for identification of 
the alpine grasses and sedges; and to my wife, 
Gweneth, for her help with field work and prepara- 
tion of the manuscript. 


REVIEW OF THE LITERATURE 


Apparently no coordinated ecological field studies 
have been made with the purpose of comparing arctic 


and alpine tundra. However, the most comprehen- 
sive study of tundra microclimates and related phe- 
nology appears to be that of Sgrensen (1941) in the 
Arctic of northeastern Greenland. He presents con- 
siderable information on developmental morphology 
and seasonal plant development in relation to tempera- 
ture. 

The characteristic dwarf nature of arctic plants 
and their slow growth rates have been interpreted in 
several ways. Wager (1938) concluded that low 
temperatures and low carbohydrate production are 
limiting factors rather than low water, nitrogen, or 
mineral supply. Sgrensen (1941), however, believed 
it was root competition for a limited supply of water 
and minerals, especially nitrogen, and the inherent 
developmental morphology of the plants. Russell 
(1940a) believed nitrogen deficiency was of prime 
importance in determining the distribution and de- 
velopment of various types of communities. More 
recently, Polunin (1955) has briefly summarized 
arctic plant physiological studies. He discussed slow- 
ness of protein synthesis, reduced cell elongation at 
low temperatures, reduced growth due to unfavorable 
soil and climate conditions as possible factors in low 
growth rates. He also stated, “. . . there is no evi- 
dence of carbohydrate shortage in arctic plants.” 
This has been clearly shown by Russell (1940b) and 
Wilson (1954). Russell (1948) also reported high 
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carbohydrate levels for Oxyria digyna on Jan Mayen 
Island and in the Karakoram-Himalaya alpine tundra. 
Porsild (1951) discussed the ability of arctic plants 
to grow and flower when the air temperature was 
barely above freezing. He believed that this was due 
to insolation effects. Numerous arctic plants can 
tolerate freezing temperatures while in flower or fruit 
(Porsild 1951, Sgrensen 1941). This has also been 
discussed for alpine plants (Daubenmire 1943). 

The distribution of taller shrub species is largely 
influenced by protective snow cover (Holttum 1922, 
Polunin 1936, Sgrensen 1941, Stoeckeler 1949). Cas- 
siope tetragona is usually restricted to areas covered 
with snow throughout the winter (Polunin 1948) as 
are a number of other arctic and alpine species, 
herbaceous as well as woody. 

Northern Alaska as well as northern Canada and 
southern portions of the Canadian Arctie Archipelago 
is designated as “Low Arectie” by Polunin (1951) in 
contrast to the more severe “High Arctic” further 
north. This Low Arctic region is characterized by 
extensive sedge marshes, lichen-rich heaths, and lux- 
uriant shrub communities-1 m or more in height in 
sheltered sites. 

Porsild (1951) stated that there are 604 species in 
the arctic parts of Alaska and Yukon, of which 15% 
are endemic. According to Hultén (1937), this area 
was largely unglaciated during the Pleistocene and 
thus served as a refugium. Land connections with 
Asia through the hypothetical and now submerged 
Beringia provided a connection with the rich floras 
of eastern Asia. In addition, the Cordillera to the 
south provided a pathway for alpine and arctic 
species (Porsild 1951). Holm (1927) stated that 
alpine tundra species have contributed to the arctic 
flora. 

Arctic tundra plant communities have been de- 
seribed from various regions in Alaska (Griggs 1936, 
Hanson 1950, 1951, 1953, Spetzman 1951, Churchill 
1955). The extensive work of Polunin (1948) and 
the study of Shelford & Twomey (1941) deseribes 
the vegetation in the eastern Canadian Arctic. 

Congeliturbation (frost action processes) has a 
profound effect upon the vegetation of tundra regions. 
This has led Hopkins & Sigafoos (1950), Sigafoos 
(1951, 1952), and Raup (1951) to state that the 
vegetation, like the substratum, is unstable, and that 
several temperate zone ecological ideas, including cli- 
matic climax may be untenable in the Arctic. 

Bryon (1946) suggested new terminology, including 
the name cryopedology for the study of soil frost 
phenomena. Taber (1943) reported that field and 
laboratory studies show that frost heaving is due to 
the growth of ice crystals. He further stated that 
differential heaving together with gravity are probably 
the major factors in the formation of most stone 
polygons, stone stripes, and related features. Wash- 
burn (1950) has reviewed much of the literature on 
patterned ground. Although he stated that the eryo- 
statie hypothesis merits more attention, he concluded 
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that, “. . . patterned ground as a whole is of poly- 
genetic origin.” 

In northern Alaska, the general range of perma- 
frost thickness is 800 to 1,200 ft (Black 1950). 

Several environmental studies have been made in 
various vegetational zones in the Rocky Mountains, 
but except for the current work of Marr? there is 
little information on alpine environments. Whitfield 
(1933) and Holeh e¢ al. (1941) found that air and 
soil temperatures, vapor pressure deficit, and evapora- 
tion decrease with an increase in altitude. Wind 
velocity, precipitation, and soil moisture were higher 
in the alpine tundra than in the lower vegetation 
zones. Relative humidity was reported by Whitfield 
(1933) to be higher in the alpine tundra, while Holch 
and his co-workers (1941) found little difference in 
measurements of this factor in the various zones. 
Transpiration rates decreased with increasing altitude 
according to Whitfield (1932). He stated that these 
rates were fairly well correlated with air temperature 
and relative humidity. Low transpiration rates in the 
Arctic have also been reported (Polunin 1955). 

Much of the early alpine work was done in Europe 
in the Alps and other mountain systems. Schroeter’s 
“Pflanzenleben der Alpen” (1926) is probably the 
most comprehensive study. In this country, alpine 
plant communities have been described in various 
sections of the central Rocky Mountains (Cooper 
1908, Cox 1933, Whitfield 1933, Rydberg 1913, 1914, 
Hayward 1952). Alpine fell-field competition and 
succesion have been discussed by Griggs (1956) while 
fell-field vegetation in the Snowy Range has been 
briefly described by Cain (1943). 

Rydberg (1914) stated that the Colorado alpine 
flora was derived from several sources including: 
cireumpolar, American arctic-alpine, American en- 
demic alpine and subalpine species. According to Holm 
(1927), 37% of the Colorado alpine species also oc- 
cur in the Arctic. Annuals, while present, comprise 
a very small percentage of the alpine flora (Holm 
1927, Little 1941). 

Daubenmire (1943) stated “Perhaps no single mor- 
phologie characteristic of the plants in the alpine zone 
is more conspicuous than the dwarfness of the shoots 
in proportion to the size of the flowers and fruits 
which they bear.” This is also true of arctic species 
Sgrensen 1941). Thus, Holm (1927) has stated that 
even though climatic conditions are different in the 
arctic and alpine regions, the species found there 
show no marked deviation in structure. 

Griggs (1934) concluded that the arctic vegetation 
remains in a state of flux due to soil instability, lack 
of recovery from the glacial period, and other factors. 
He believes arctic ecology should be approached from 
a dynamic rather than from a static or descriptive 
point of view. Sgrensen (1941) says, “... vegetation 
does not react to the individual meterological factors 
separately, but to the total effect of all climatic 
factors, the climate character.” The importance of 

2Dr. John W. Marr has recently completed a study of 


alpine tundra environments in the Front Range of Colorado, 
about 110 mi. south of the Snowy Range. 
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this environmental complex in regard to plant growth 
and distribution has been stressed recently by Bill- 
ings (1952). These principles have served as a guide 
thoughout this attempt to understand the develop- 
ment of tundra vegetation in its severe environments. 


DESCRIPTION OF AREAS 


GEOLOGY 

The Umiat area is located within the Northern 
Foothill Section of the Arctic Foothill Province in 
Northern Alaska. This area is characterized by 
Appalachian-type folding of the Nanushuk and Col- 
ville formations of Lower and Upper Cretaceous age. 
These formations consist of marine and non-marine 
rocks, largely shale, sandstone, conglomerate, ben- 
tonite, tuff, and coal. Orogeny of these sediments oe- 
curred during Cenozoic time with greater deforma- 
tion occurring in the southern section (Payne et al. 
1951). 

The Arctic Coastal Plain Province to the north is 
underlain by horizontal layers of sandstone, shale, 
and some interbedded conglomerate, coal, limestone, 
and bentonite of Upper Cretaceous and early Cenozoie 
age (Black & Barksdale 1949). In the Point Bar- 
row area, Triassic, Jurassic, and Cretaceous rocks 
rest upon highly deformed basement rocks, probably 
of Pre-Cambrian age. The Arctic Coastal Plain is 
merely an exposed portion of the broad continental 
shelf that extends north beneath the Beaufort Sea 
for many miles (Payne et al. 1951). 

The general topography in the Foothill Province 
consists of gently rolling hills and broad valleys 
which represent synclines and anticlines with their 
axes trending east and west (Solecki 1950). Poly- 
gonal ground is characteristic of poorly drained areas. 
The Coastal Plain, in contrast, stretches in monoto- 
nous flatness with 50 to 75% of the surface covered 
with lakes and marshy ponds (Black & Barksdale 
1949). 

Although the Brooks Range Province bears evi- 
dence of glaciation, the only evidence of glacial activi- 
ty in the Foothill Province is along some of the river 
valleys near the mountains. The Coastal Plain Prov- 
ince shows no signs of glaciation (Solecki 1950). 
Intrusive and extrusive igneous rocks of Cretaceous 
and Cenozoic age have not been found on the Aretie 
Slope, although they are common in interior and 
southern Alaska (Payne et al. 1951). 

The Medicine Bow Mountains in Wyoming consist 
of a large anticline in Carboniferous and Mesozoie 
strata. The Snowy Range which rises above the Medi- 
cine Bow Plateau is composed of massive metaquart- 
zite of Pre-Cambrian age (Blackwelder 1926). The 
metamorphosed sedimentary Pre-Cambrian formations 
are strongly folded with an aggregate thickness of 
24,000 feet. Orogeny took place during the Laramide 
Revolution in the late Cretaceous. The most wide- 
spread formation in the Medicine Bow Plateau is a 
complex of gneisses, schists, and granitoid intrusives. 
This complex flanks the metamorphosed sedimentary 
series on either side (Blackwelder 1926). 
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Evidence of Pleistocene glaciation is found in the 
glacial drift of two or three ages upon the Medicine 
Bow Plateau and in the more than 160 glacial lakes 
(Blackwelder 1926). 


SOILs 

Soil formation in the Arctic is largely influenced 
by topographic location, with its associated, varying 
degrees of soil drainage. Permafrost acts as an im- 
pervious layer which prevents internal drainage. 
This results in dainage water moving down-slope over 
and through the active layer (layer of soil which 
thaws annually), and thus leaching may be greatly 
reduced. In regions of permafrost, mechanical pro- 
cesses of rock disintegration dominate over chemical 
processes of decomposition (Taber 1943). 

Until recent years, arctic soils have received little 
attention in this country. Hanson (1950, 1951) de- 
scribed soil profiles associated with different vegeta- 
tion types in central and western Alaska. The rela- 
tionships between plant communities and frost action 
in Alaska have been described by Hopkins & Sigafoos 
(1950) and Sigafoos (1951, 1952). 

At the present time, northern Alaskan soils have 
been classified into three great soil groups (Tedrow & 
Hill 1956). Of these, the Wet Tundra or Wet Mineral 
group of soils is the most widespread. These soils 
develop under a process of gleization which is reduced 
in intensity by low soil temperature, low biological 
activity, and short growing season. Frost action and 
the depth of the active layer are also important 
factors. Wherever there is adequate surface drainage, 
soils of this group generally support a heath-tussock 
community. 

Organic soils develop in flat poorly drained areas. 
In half-bogs, the organic layer attains a thickness of 
8 to 18 in. while in a bog, the organic layer usually 
exceeds 30 in. (Tedrow & Hill 1956). These soils 
usually support sedge-sphagnum plant communities. 

Arctic Brown soils are commonly found on ridge 
tops, edges of escarpments, terrace edges, and sta- 
bilized dunes. The active layer is of considerable 
depth (3 to 5 ft) and the soil commonly has a distinet 
brown color (Tedrow & Hill 1955). These soils thus 
occupy well-drained sites and are limited to less than 
1% of northern Alaska. Organic matter decreases 
with depth while pH generally increases with depth. 
Such soils commonly support various combinations 
of xerophytie mosses, lichens, dwarf heaths, herbs, 
and dry-site sedges. Steep south-facing slopes com- 
monly have a shallow phase of this soil developed and 
support grasses, forbs, and medium-height willows. 

Gravel‘ bars and alluvial deposits along rivers and 
streams have little profile development and commonly 
support grasses, forbs and willows. The active layer 
usually exceeds 2 to 3 ft. 

Soil group-plant community relationships are not 
always as clear cut as described above, for gradations 


of all types oceur. 

Root penetration is largely determined by the 
depth of the active layer which varies with topo- 
graphic location, exposure, soil texture, organic mat- 
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Root penetration also varies 
general root 


ter, and plant cover. 
with each species as influenced by 
morphology. 

At Umiat Base Camp, the soils consisted of or- 
ganic matter 3 to 6 in. thick overlying stratified al- 
luvial deposits on a terrace. Soils of the Wet Tundra 
group predominated at all the station locations except 
the outer south-facing slope (Station 2), where 
Arctic Brown soil of the shallow phase occurred. 
At Stations 6 and 8, there was a gradation from Wet 
Tundra soil to organic soil in the depressed-center 
polygons. 

There is little descriptive literature on American 
alpine tundra soils. Retzer (1956) has recently de- 
scribed alpine turf, alpine meadow, and alpine bog 
soils in the Colorado Rocky Mountains, while Cox 
(1933) and Hayward (1952) have described the slow 
development of soil and associated plant community 
changes in alpine tundra areas in the central Rocky 
Mountains. Braun-Blanquet & Jenny (1926) have 
described alpine soil formation and plant community 
changes on limestone rock in the central Alps. They 
found that as a soil profile develops, plant composition 
changes from a Dryas octopetala and Carex firma 
community in the initial stage to a transition com- 
munity dominated by Kobresia myosuroides. This com- 
munity is replaced by a climax vegetation dominated 
by Carex curvula. In the initial stage, the soil is only 
slightly decomposed rock with a neutral to slightly 
alkaline reaction and with little incorporated humus. 
Soil in the transition stage is classed as a rendzina, 
and is characterized by an increase in organic con- 
tent, presence of leaching and a neutral to slightly 
acid reaction. The climax soil is strongly acid, highly 
leached, and contains much organic matter. Braun- 
Blanquet (1932) stated that the evolution of soil and 
the development of vegetation follows a similar pat- 
tern in other mountain regions including the Pyrenees, 
Tatras, and the Rocky Mountains of Colorado. 

Alpine soils in the Snowy Range of Wyoming were 
studied in 1955. This investigation consisted of field 
descriptions and laboratory analysis. 

Soil development in the alpine tundra is a slow 
process. This is largely the result of extensive 
Pleistocene alpine glaciation, which removed the soil, 
and the slow rate of quartzite rock decomposition. 
As a result, fell-field areas with only poorly developed 
soil profiles predominate. Small colonies of plants 
have developed wherever soil has accumulated among 
the boulders. Both soil and plant communities reach 
their best development and greatest maturity in fair- 
ly level, well-drained sites. This is in contrast to 
ridges, where both soil and plant communities are 
poorly developed. All of the fell-field soils are youth- 
ful and show no real profile development, although 
the top 6 to 10 in. contain much organic matter. 

Organic soils predominate in poorly drained sites 
where Carex peat has accumulated to a depth of 1 
to 3 ft. Interspersed within the peat are thin lenses 
of mineral matter. 

The soils of the arctic and alpine regions thus ap- 


® See Methods section for location of the stations. 
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pear to have quite different genetic development and 
morphology, with the exception of the organic soils 
common to poorly drained areas in the two tundra 
types. The arctic soils have developed for a much 
longer period of time, for the alpine soils were re- 
moved by Pleistocene glaciation and have since had 
relatively little time to develop. Erosion is also prob- 
ably greater in the alpine tundra. The most extensive 


soil in northern Alaska is characterized by little 
leaching, abundant soil water from the thawing of 


the active layer, and relatively low organic matter con- 
tent. In the alpine soils of the Snowy Range, mois- 
ture levels are much lower during most of the sum- 
The presence of good drainage enables leach- 
were 


mer. 
ing to oceur although no quantitative data 
collected. With an increase in plant cover and plant 
decomposition, more organic material is incorporated 
into the alpine soils and acidity increases. 


MACROCLIMATES 

During the short growing season in the Umiat area, 
cool, cloudy weather predominates, largely because 
of the proximity of the cold Beaufort Sea to the 
north and the Brooks Range to the south, which acts 
as an effective barrier to warmer air masses. Rela- 
tively higher pressure over the sea than over the 
land results in northeasterly winds at Umiat in the 
summer. During the winter, pressures are reversed, 
and as a result, southwesterly winds predominate 
(Conover 1953). 

There is a high percentage of cloud cover over the 
region both in summer and in winter. Mean cloud 
cover is lowest in February (4.7 where 10.0 equals 
complete cover) and highest in September with 9.1. 
During the summer (June through August), cloud 
cover averages between 7 and 8 with stratus clouds 
predominating (U. S. Weather Bureau 1952). 

Mean monthly air temperatures during summer in 
the Umiat area are low (June 41.6°, July 53.4°, and 
August 46.9°4). However, surface temperatures of 
100° have been recorded on several occasions. The 
recorded extremes from 1945 to 1952 85° in 
July and -—63° in February. The annual 
temperature for this period was 10.7° with the July 
mean 53.5° and the February mean —26.5° (U. S. 
Weather Bureau 1952). Temperatures below freez- 
ing may occur at any time during the short summer. 
In 1952, the temperature of the vegetation layer, as 
determined by a black-bulb thermometer, remained 
above 32° for 28 


were 
mean 


consecutive days (Conover 1953) 
while in 1953, 31 consecutive days above freezing 
were recorded in July and early August. 

Although the Umiat area is almost constantly swept 
by wind, high winds are infrequent. Average annual 
wind speed at 31 ft at Umiat was 7.7 m.p.h. During 
the winter, the relatively meager snow blows into 
the most protected sites, so that the landseape tends 
to be smoothed out. 

Much less information is available on the macro- 
climate of the Snowy Range in Wyoming, for the 
few weather stations are all located near the base of 
degrees Fahrenheit. 


data are reported in 


* All temperature 
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the mountains at considerable distance from the al- 
pine regions. 

Cloudiness, while rather high, is less than in north- 
ern Alaska. Cloud cover in the summer averages be- 
tween 5 and 7 with winter cloud cover slightly higher. 

The mean annual temperature at Centennial just 
east of the Range was 42.7° in 1954. Extremes in 
1954 were 95° in July and —16° in March (U. 8. 
Weather Bureau 1955). Centennial is located at the 
base of the mountains at an elevation of 8,074 ft. 
This is at the western edge of the grassland forma- 
tion. The mean annual temperature at Saratoga to 
the west of the mountains was 44.5° with extremes 
of 100° in July and —18° in Mareh of 1954 (U. S. 
Weather Bureau 1955). Saratoga, at the base of the 
mountains, is located in sagebrush vegetation at an 
elevation of 6,786 ft. Annual precipitation at Cen- 
tennial was 11.4 in. and Saratoga 6.4 in. in 1954. 

These temperature and precipitation records at 
the base of the mountains are quite different from 
those at 11,000 ft within the alpine tundra. Mean 
monthly and annual temperatures are lower and pre- 
cipitation is probably greater in the alpine tundra, 
but the lack of weather data prevents any accurate 


comparisons. 
METHODS 


Soi, ANALYSIS 


The alpine tundra soils were examined at each of 
the stations. Soil pits were dug and the horizons 
briefly described. Soil samples were analyzed in the 
for the mechanical analysis, 
equivalent, and 15 
determinations 
fraction 


following: 
loss-on-ignition, pH, moisture 
percentage. All 
averages of duplicate samples of the 


laboratory 
atmosphere are 
2mm 
(see soils section). 

Mechanical analysis was made using a modification 
1936) for de- 
termining the percentages of sand (2.0 to 0.05 mm 
diameter), silt (0.05 to 0.002 mm), and clay (less 
than 0.002 mm) particles. Soil pH was determined 
with a Beckman pH meter using a 1:1 soil-water di- 
lution. Moisture equivalent was determined using 
a Moisture Equivalent Centrifuge, and 15 
phere moisture percentage by using a pressure mem- 
brane apparatus as described by Richards (1941). 


of the hydrometer method (Bouyoucos 


atmos- 


Moisture equivalent and 15 atmosphere moisture per- 
centage determinations are estimates of field capacity 
and wilting percentage, respectively. 

The Alaskan soils were analyzed by Dr. J. C. F. 
Tedrow but the results are not yet available. 


MICROENVIRONMENTAL ANALYSIS 

Twelve instrument stations were established to study 
tundra microenvironments. Eight stations were op- 
erated in the arctic tundra in and near Umiat in 
1953 and four in the alpine tundra of the Snowy 
Range during the summers of 1954 and 1955. The 
stations were run to obtain records during the grow- 
ing season and the data have been used primarily for 
with plant development 
from the two tundras. 


correlation measurements 
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In Alaska, the Base Camp Station was located 
about 200 ft from the Umiat weather station at an 
elevation of 365 ft. Four stations were set up on a 
northeast-southwest transect over two ridges about 
1.5 mi. northeast of the Base Station at approximate- 
ly 700 ft above sea level. Three additional stations 
were located at greater distances from Umiat. One 
was located about 75 mi. to the south at the foot of 
the north slope of the Brooks Range (151° 43’ W 
68° 22’ N) beside the south end of Natvakruak Lake 
at approximately 2,000 ft elev. Another station was 
located near the northern edge of the Foothill Prov- 
ince along the Colville River (150° 42’ W 69° 46’ N), 
about 350 ft elev. This station was on the coastal 
plain approximately 150 yd east of the Colville River, 
about 15 mi. from the coast (150° 45’ W 70° 13’ N), 
and approximately 50 ft above sea level. 

The Wyoming stations were located near the base 
of Medicine Bow Peak in the Snowy Range. The 
stations were set up along a_northeast-southwest 
transect in an alpine fell-field area at approximately 
11,000 ft elev. One station was located in a sedge 
meadow beside a small pond. The other stations were 
situated on a south-facing slope, ridge, and north- 
facing slope. A contour map of this area was pre- 
pared and is on file in the author’s office. 

The stations at the various sites have been numbered 
as follows: 


Alaska 

No. 1 Umiat Base Camp 
No. 2 South-facing slope, first ridge 
No. 3 Ridge top, first ridge (Fig. la) 
No. 4 North-facing slope, first ridge (Fig. 1b) 
No. 5 South-facing slope, second ridge 
No. 6 Mountain Station 
No. 7 Foothill Station, Cache 5 
No. 8 Coastal Plain Station, Cache 6 

Wyoming 
No. 9 Wet Meadow 
No. 10 South-facing slope (Fig. 2a) 


A 


Yo.11 Ridge top (Fig. 2b) 
Yo. 12 North-facing slope 


+ 


The Alaskan Base Camp Station was serviced each 
afternoon, while the Ridge Transect Stations and the 
three distant stations (6 to 8) were serviced once a 
week. The Base Camp Station was in operation 
from June 13 to August 31. The other Alaskan sta- 
tions were run for a somewhat shorter period of time. 

The Wyoming stations were serviced every 1 to 2 
days except for a two week period in 1955 when only 
weekly servicings were made. In 1954, the stations 
were run from June 24 to August 18 and in 1955, 
June 17 to August 26. Additional temperature and 
soil moisture data were gathered in the fall of 1954 
by Dr. John F. Reed, University of Wyoming. 

The various stations were equipped as follows: 


Umiat Base Camp 
Automatic 12-pen Brown recorder with thermo- 
couple leads placed as follows: 72, 24, 2, 0 in. above 
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Fig. 1. (a) Aretie Ridge Station (3), June 1952. 
Thermograph is in box with anemometer behind and 
rain gage to the left. Cottongrass tussocks are low and 
quite seattered. (b) North-facing Station (4), June 
1954. Note the larger and more abundant cottongrass 
tussocks and the abundance of alder and willows in the 


drainage ditch below the station. Second south-facing 
slope is in the background to the left. 


ground level, —1, —2, —4, —12, and —24 in. below 
the soil surface, 2 leads for plant tissue temperatures 
and 1 lead attached to an Eppley 10-junction pyrhe- 
liometer recording in mv which were converted to gr 
eal/em*/hr. The thermocouple leads were not shield- 
ed. 

Foxboro distance recording thermograph with leads 
placed —4, 4 in. black bulb, shelter air (4.5 ft) tem- 
perature in a standard weather bureau shelter and a 
solenoid unit attached to a Bendix-Friez totalizing 
3-cup anemometer for 5 mi. wind contacts. 

Bendix-Friez totalizing 3-cup anemometer at 72 
in. 

Modified Victor rain gage at 9 in. 

LiCl constant dew point recorder at 2 to 4 in. 

Soil moisture by resistance nylon blocks at —4, —8, 
—1l12 in. with readings made in ohms of resistance 
with a Wheatstone bridge. 

Livingston white atmometer bulb at 9 in. 


Field Stations 
All of these stations were equipped alike with the 
exception of the placement of some thermocouple 
leads for “spot” readings. 
Foxboro distance recording thermograph with 
leads —4, 4 in. and one pen attached to a solenoid 
unit for 5 mi. wind contacts. 
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Fig. 2. (a) General view of alpine tundra from near 
the South-facing Station (10) looking toward the wet 
meadow. (b) Alpine Ridge Station showing thermograph 
in box with anemometer in background. Note sparse 
plant cover. 


Bendix-Friez totalizing 3-cup anemometer at 24 
in. 

Livingston white atmometer bulb (Stations 2 to 5) 
at 9 in. 

Series of thermocouple leads at 24, 12, 2, 0, —2, 
—4, —12, and —19 in. (Station 6 had leads at 24, 2, 
0, and —4 in.). Readings were made with a Fox- 
boro portable potentiometer, model 8105. 

Soil moisture by resistance nylon blocks at —4, 
—8, and —12 in. 


Wyoming 

The Wyoming stations were each equipped as fol- 
lows: 

Moeller distance recording thermograph with leads 
4,0, and —4 in. (shielded). 

Bendix-Friez totalizing 3-cup anemometer at 24 
in. 

Satellite maximum-minimum thermometers (shield- 
ed) of the Sixe’s type at 12 in. 

Livingston white atmometer bulb at 9 in. 

Standard 8 in. rain gage (only at North-facing 
Station). 

Soil moisture samples in duplicate at —1 to —3 
and —3 to —5 in. (oven drying method). 

The Alaskan instruments were standardized before 
having been shipped from the United States, while 
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the alpine tundra instruments were standardized 
prior to field installation. The thermograph sensitive 
units were checked periodically with a standard 
thermometer. When the stations were serviced, rela- 
tive humidity was determined using a sling psychrom- 
eter (Alaska) and a cog psychrometer (Wyoming). 
At the same time, spot air movement determinations 
were made using a hand anemometer. Solar radia- 
tion measurements in Wyoming were made using a 
General Electric radiation meter with readings in gr 
cal/em?/min. In Alaska, a continuous record of 
solar radiation was obtained from the Eppley pyr- 
heliometer. 

The distance recording thermographs were en- 
closed in wooden boxes and placed on the ground in 
an upright position in both regions. The 4 in. air- 
sensitive units in Alaska were shielded with two 
separate layers of aluminum. The Wyoming 4 in. 
sensitive units were shielded with wooden platforms 
painted white. The maximum-minimum thermom- 
eters were shielded with aluminum and placed fae- 
ing north with the sensitive unit 12 in. above the 
surface. 


CRYOPEDOLOGICAL ANALYSIS 

A study was made of the depth of the active layer 
and the rate of its increase in depth under various 
cover types at Umiat. This was supplemented by ad- 
ditional measurements at the various field stations. 
String attached to stakes was used as the base refer- 
ence line with the probing intervals marked on the 
string in India ink. The lines varied in length as 
well as the probing interval according to cover type. 
The lines at Stations 1 to 5 were set up on N-S and 
E-W compass lines. The lines at Stations 6 to 8 
were only N-S lines. A steel rod was pushed into the 
ground to the top of the permafrost table (lower 
limit of the active layer) and the depth of the active 
layer was recorded to the nearest centimeter. Meas- 
urements were made once a week with the probings 
made as nearly as possible in the exact location each 
time. Experiments showed that no diurnal fluctua- 
tion of the permafrost table could be detected by this 
method, although daily melting and refreezing cycles 
may occur. Frost retreat in the alpine tundra was 
measured both summers in 3 locations using the same 
method as in Alaska. 


VEGETATIONAL ANALYSIS 

In both the arctic and alpine tundras, the vegeta- 
tion was analyzed by means of the line intercept 
method using 20 m lines (Bauer 1943). It is realized 
that this method does not yield the best phytosoci- 
ological data, but its use in previous work at Umiat 
(by Boston University Physical Research Laboratories 
1952) made it necessary to continue the procedure. 
Using this method, three strata were recognized: 
shrubs with perennating buds above the ground sur- 
face, phanerogams, and eryptogams. The lines were 
divided into 20 one-meter units so as to provide fre- 
quency data. From these data, density (average 
number of line interceptions per unit), frequency 
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(percentage of units in which present) and domi- 
nance (cover per species) were calculated for each 
species. The density and dominance values were then 
expressed as percentages of the total vegetation after 
which density, frequency, and dominance percentages 
were added together to give a combined DFD (densi- 
ty-frequency-dominance) index (Curtis 1947). In 
comparing the vegetation of the various stations, the 
DFD index for each species is expressed as a per- 
centage of the total DFD index for all species per 
station. 

Nomenclature for the aretic vascular plants is that 
of Hultén (1941-50) and for those of the alpine 
tundra, Harrington (1954). Nomenclature of bry- 
ophytes is that of Grout (1940), Andrews (1940), 
and Evans (1940) except where otherwise indicated. 
Lichen nomenclature is that of Hale & Culberson 
(1956). The majority of the vascular plants have 
been identified by the writer with some critical genera 
checked by authorities. The specimens are on de- 
posit in the Duke University Herbarium. 

Most of the plant growth data were gathered by 
measuring stem elongation and leaf expansion of 
various shrubs and herbs in both the arctic and al- 
pine tundras. For the shrubs, base reference points 
were made with India ink on previous years’ stems 
and the length measured from this point to the tip 
of the stem; thus, young expanding terminal leaves 
were included as a part of the stem growth. Stem 
elongation data result from the mean of 3 stems with 
the exception of the willow species in Wyoming where 
mean values are based upon 10 stems. Leaf expan- 
sion data in both tundras are based upon tracing the 
leaf outlines of the same 10 leaves every 2 days until 
fully expanded. 

General notes on phenology of the principal species 
were made on alternate days at the Umiat Base Camp 
Station and at the field stations whenever they were 
serviced. Phenological notes on the alpine plants 
were made on alternate days at each station. Where 
possible, phenological observations included start of 
growth, leaf expansion, flowering time, set of seed, 
ripening of fruits and seeds, seed dispersal, leaf 
coloration, and leaf fall. 


TABLE 1. 
of duplicate determinations of the 2 


mm soil fraction. 


Analysis of alpine soils from the Snowy Range, Wyoming. 
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RESULTS 
SOILS 
Laboratory analysis of the alpine fell-field soils 
showed that loss-on-ignition, moisture equivalent, and 
15 atmosphere determinations were all highest on 
the south slope (Station 10), lowest on the ridge 
(Station 11), and intermediate on the north slope 
(Station 12). Soil pH was also lower on the south 
slope than on the ridge (Table 1). These fell-field 
soils were all sandy-loam in texture. 
The peat at the Wet Meadow Station (9) had the 


lowest pH and the highest loss-on-ignition value 
(Table 1). This organic soil supported a sedge, grass, 
and willow community in contrast to an alpine 
meadow of grasses, sedges, and forbs on the south 
slope. Various species combinations of this latter 


community were found at the other two stations (see 
vegetational analysis section). 


MICROENVIRON MENTS 


SOLAR RADIATION 


Slope exposure and the degree of slope have a 
profound influence upon air and soil temperature as 
well as on humidity and soil moisture of the miecro- 
climate. These differences in microclimate are large- 
ly the result of the balance between direct insolation, 
diffuse sky radiation, and terrestrial radiation. Sky 
radiation tends to moderate differences of exposure 
since all slopes receive about the same amount of 
heat enegy from this Thus, in the Arctic 
where the ratio of direct to diffuse radiation is rela- 
tively small, exposure is not as significant as in the 
middle latitudes (Geiger 1950). Figure 3 (upper) 
shows that in Alaska, at midday, there is a difference 
of 44° in angle of incidence between the outer South- 
facing and the North-facing Stations. This is true 
throughout that part of the year when the sun is 
above the horizon for any length of time at Unmiat, 
Alaska, The sun never rises above the horizon from 
November 30 to January 14, a period of 45 days and 
1 period of 69 


source, 


never sets from May 17 to July 25, : 
days (U. S. Weather Bureau 1952). 
In Wyoming (Fig. 3, lower), there is a difference 


All the data are based upon mean values 





MECHANICAL ANALYSI3 


Total 


Location Depth sand Sil 
(inches) | o/s | q 
Wet DEDRTIOW.... ...s <-< 5 200008 0-12 rye pipes 
South-facing Slope........... | 0-10 | 59.4 | 86. 
| 1020 | 59.2 | 30.: 
Ridge. | 0-6 | 57.6 | 38. 
| 610 | 58.6 33. 
North-facing Slope.........-. | 0-6 | 59.4 Bi. 
| 6-10 | 60.7 33. 
Soil Polygon Border......... | 0-6 44.1 40. 
47. 


Soil Polygon Center. . . 


t 


noo D> 


o 


SH te te 


- Loss on Moisture 
2muClay | Ignition pH Equivalent) 15 Atmos. 
( /, tf / Qq q 
4 58.8 4.6 107.4 89.8 
4.0 24.8 5. 50.6 43.7 
10.5 3.4 4.8 14.6 9.5 
3.9 8.5 6.3 24.7 20.9 
8.0 5.0 5.4 13.4 8.0 
3.2 ad 5.0 39.6 32.1 
3.5 3.5 5.0 16.1 7.4 
| aad 12.9 4.7 st.3 | - 2a 
8.9 2.9 5.0 10.7 | 3.0 





“Orga‘iic soil, mechanical analysis not determined. 
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LAT. 69° 22'N 


ANGLE OF INCIDENCE AT NOON 
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DEC. 22 WINTER SOLSTICE NONE o o o Oo 
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LAT. 41° 20'N 





ANGLE OF INCIDENCE AT NOON 





oaTe DAY LENGTH] 18° SOUTH SLOPE |LEVEL RIDGE |23* NORTH SLOPE 





DEC. 22 WINTER SOLSTICE HR, 15 MIN, 43° 10° 25° 10° * 10° 





MARCH 2! @ SEPT. 22 EQUINOX 12 HR 66° 40° 48° 40° 25° 40° 





IS HR 4 MIN, 90° 10° 72° 10 49° 10° 




















JUNE 22 SUMMER SOLSTICE 





Fic. 3. Noon angle of incidence and day length for 
the winter solstice ( ), equinox (----), and summer 
solstice ( ) at Umiat, Alaska (above) and the Snowy 
Range of Wyoming (below). 


of 41° in angle of incidence between the south- and 
north-facing slopes. In December, the angle on the 


south slope is nearly as great as that occurring in 


June on the north slope. Though the period of day 
length at latitude 41° varies from about 11 to 15 hr. 
(American nautical almanae 1953), the length of 
insolation is somewhat shorter because of the 1,000 
ft cliff rising above the station area only a few hun- 
dred yards to the northwest. 

There is a difference of 28° 02’ in noon angle of 
incidence between level areas in the two tundras 
during the summer. The differences are somewhat 
less when the outer south-facing slope in Alaska is 
compared with the Wyoming south-facing slope (10° 
02’), however there is a difference of 36° 02’ be- 
tween the second south-facing slope in Alaska and the 
Wyoming south-facing slope. North-facing slopes 
differ by 13° 02’ in the two regions. 

In addition to the differences in microclimates of 
the slopes due to exposure, differences due to cloud 
cover are also important. During the summer months 
of June to August, average cloud cover in Alaska is 
about 70 to 80%, while in Wyoming, it is about 50 
to 70%. 

The presence of low shrubs affects the microcli- 
mate to some extent, but the lack of a canopy elimi- 
nates the mosaic of microclimates found within a 
forest stand (Cantlon 1953). 

A continuous record of insolation in Alaska was 
obtained in gr cal /em? /24 hr with the pyrheliometer. 
Daily radiation values for June and July averaged 
about 410 gr cal /em?/24 hr with the week of July 
25 to 31 recording the highest figures per day (532). 
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The highest air temperatures and lowest cloud cover 
during the summer were also recorded the last week 
of July. At least some insolation was recorded 
every hour of the day until the week of July 25 to 
31. However, by the last week of August, 10 hr per 
night recorded no measurable insolation and _ the 
daily radiation values dropped to 206. 

Sérensen (1941) diseussed the diurnal march of 
insolation on various exposures and slopes in north- 
east Greenland at latitude 74° N. He found that a 
south slope of 40° on June 22 received about 460 
gr cal /cm?/24 hr while on a north slope of 40° the 
total insolation energy was only about 185 gr 
cal /em? /24 hr. He further showed that such a south 
slope received direct insolation for only 14 hr per 
day while a 30° north slope received insolation for 
the 24-hr period. 

Measurements of solar radiation in Wyoming were 
only spot readings with a radiation meter. From 
these scattered readings, it appears that midday inso- 
lation is higher in the alpine tundra than in the Arctie. 
The long hours of darkness, however, reduce the daily 
total insolation, so that on a 24-hr basis, the alpine 
tundra receives only slightly more solar energy than 
the arctic tundra at Umiat, in mid-summer. In 
Alaska, during the month of August, increasing hours 
of darkness and a decrease in the angle of insolation 
reduce the total daily insolation more than in Wy- 
oming for the same period of time. In both regions 
due to reflectance, the highest radiation readings 
were obtained with a partly cloudy sky as opposed to 
a completely clear sky. This effect appeared to be 
somewhat greater in the alpine tundra. 


TEMPERATURE 

Temperature was the most intensively studied 
microclimatic factor in both tundras. While all sta- 
tions were equipped with continuous recording dis- 
tance thermographs, the greatest amount of tempera- 
ture data were collected at the Umiat Base Camp 
Station using a 12-pen Brown recorder. Mean tem- 
perature data as used here were calculated from hour- 
ly means unless otherwise stated. 

The march of mean weekly temperature at various 
levels at Umiat is shown in Figure 4. With the ex- 
ception of the week June 19 to 26 when Alnus crispa 
leaves were expanding, daytime surface temperatures 
were usually higher than the air above. Even here, 
Figure 5 shows that the temperature gradient in- 
creased toward the surface during the day with the 
inversion type occurring at night (Gieger 1950). 
This is in accord with the findings of Baum (1949) 
who showed that increase in temperature during the 
day is greater than the decrease in temperature at 
night; this produces a mean temperature increase 
near the surface for at least part of the year. 

Mean monthly temperatures derived from hourly 
means are sometimes higher than monthly means 
would be if based only upon average monthly maxi- 
mum and minimum data. Thus, it seems that maxi- 
mum temperatures influence mean temperatures more 
than minimum temperatures (Cantlon 1953). 
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Fic. 4. Mean weekly march of temperature for various 
levels at Umiat, Alaska, 1953. 


The temperature range was considerable at the 
surface and in the air at 2 in. throughout the summer 
in Alaska. During the week of July 25 to 31, the 
temperature range at the surface was 72° with ex- 
tremes of 103° and 31°, while at 2 in. above the sur- 
face it was 68° (extremes 101° and 33°), and at 6 
ft, only 46° (extremes 81° and 35°). Temperature 
range decreases more rapidly with increasing depth 
in the soil. For example, while the range was 72° 
at the surface, it was 32° (extremes 69° and 37°) 
at —1 in., 12° (extremes 48° and 36°) at —4 in., 
2° at —12 in. (extremes 32° and 30°) and zero at 
—24 in. (Fig. 5). While the temperature gradient 
from the surface to —24 in. was very steep during 
most of the summer it decreased steadily during the 
last few weeks of observations. Temperatures at 
—12 and —24 in. never rose above 33° and were 
continuously below 32° at the 2 ft level. The —1 in. 
level was the warmest layer during the last 3 weeks 
of observations (Fig. 4). 

The diurnal range of temperature was greatest at 
the surface, decreased steadily above and very rapidly 
below. No diurnal range occurred at —12 and —24 
in. (Fig. 5). 

Temperature lag both above and below the surface 
was also considerable. In general, the surface reached 
its maximum temperature about 13:00 (24 hr basis) 
while the maximum at 6 ft occurred between 14:00 
and 15:00. There was a temperature lag of 2 hr 
from the surface to —1 in. and an additional lag of 3 
hr at —4 in. Maximum temperatures recorded at 
—12 and —24 in. occurred 1 to 2 weeks after the week 
of maximum surface temperature. 

At the Alaskan field stations (2 to 8), continuous 
temperature records were obtained at the 4 in. air 
and 4 in. soil levels. In addition, spot readings of 
temperature were made from stratified thermocouples. 

A comparison of temperatures from Stations 2 to 5 
shows the outer south-facing slope (Station 2) to be 
quite different from the others, especially at the —4 


in. level. Although air temperatures at this station 
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were not much higher than that of the other stations, 
the greater angle of incidence on this slope and the 
more exposed soil had a considerable effect upon soil 
temperatures. At —4 in., this slope was 11.3° warm- 
er in June and 9.9° in July than Station 4, on the 
north slope (Table 2). The spot thermocouple readings 
throughout the summer for these two stations showed 
a difference of 13.8° at —19 in. 


TABLE 2. Average maximum, minimum, and mean 
monthly temperatures (°F) at 4 in. air and — 4 in. soil 
levels for 8 stations in northern Alaska in 1953. Surface 
temperatures are given only for Station 1. 





Mean Monraty Arr Tewprratore, 4 INCHES 





June (15 days) July (31 days) August (28 days) 


Station 





| | : 
Max. | Min. | Mean Max. | Min. | Mean | Max. 


59.7 | 40.1 
65.6 | 39.6 
61.5 | 39.1 
61.8 | 37.7 
65.3 | 38.1 

3 

2 


50.8 | 53. 
52.6 | 55. 
51.0 | 52. 
50.8 | 52. 
52.3 | 55. 
50.0 | 50.9 
49.5 | 50.8 
47.4 os 


| 44.8 | 51.4 
| 42.2 | 56.4 
| 40.0 | 55.0 
| 41.1 | 54.7 
| 39.6 | 50.4 
Ree eee es 
| .. | 60.0 | 37 
re. ee 


























Mean Monrtaty Surrace TEMPERATURE 
...+++.+| 92.0 | 33.0 | 52.3 | 90.2 | 31.2 | 54.4 | 77.5 | 31.3 | 








Mean Monruaty Soir Temperature —4 INcHES 
. ..| 87.7 | 35.1 | 36.5 | 41.4 | 38.1 | 39.7 | 40.5 
| 45.3 8.6 | 55.3 | 46.7 | 50.7 
44.3 | 40.0 | 42.1 
42.7 | 38.9 | 40.8 36.9 
47.5 | 41.0 | 44.1 38.4 
. | 39.6 | 37.2 | 38.5 7 | 37.1 
| 46.1 | 39.0 | 42.5 36.7 
| 





38.0 
44.7 
38.9 





*Two inch level. 
tOnly 9 days for June. 


The second south slope (Station 5) was 1.5° warmer 
in July and 1.4° warmer in August than the north 
slope at 4 in. and was correspondingly warmer at —4 
in. Though the mean air temperatures of the two 
south-facing stations were similar, mean soil tem- 
peratures were 7° to 10° warmer on the outer south 
slope (2). Mean monthly air temperatures at the 
Ridge Station (3) were about the same as on the 
north slope (4) and 1° cooler than the second south 
slope (5). Soil temperatures at —4 in. at the Ridge 
Station were about 2° warmer than on the north 
slope and 1° cooler than on the second south slope 
(Table 2). 

Stratified thermocouple readings on the north slope 
during the daytime show no temperature inversion 
in the microclimatie layer. Thus the insolation-radia- 
tion ratio must favor the same type of microclimatic 
temperature gradient found on south slopes and level 
areas during the day. This is not surprising since 
the north slope is quite gentle and as previously 
stated, exposure in the Arctic is not as significant as 
in lower latitudes. 

A comparison of Stations 6 to 8 is difficult be- 
cause of thermograph failure at the Coastal Plain 
Station (8). By careful calculations (Conover, per- 
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Alaska, 1953. 
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sonal communication), relatively accurate values for 
the air temperatures have been established. In gen- 
eral, air temperature increased from the coastal plain 
to the mountains with a corresponding increase in 
diurnal and mean monthly temperature range. Soil 
temperatures were lowest at the Mountain Station 
(6). Spot thermocouple readings indicate no great 
differences in soil temperature between Stations 7 
and 8 except in August when the soil at Station 8 
appeared to remain above freezing at —12 and —19 
in. longer than at Station 7 (Foothill Station). 

In the alpine tundra of the Snowy Range, measure 
ments were obtained using recording distance thermo- 
graphs and Sixe’s type maximum-minimum thermom- 
eters. The thermographs recorded temperature at 
the 4 in. air, surface, and —4 in. soil levels. 

The mean weekly march of temperature in the al- 
pine tundra fluctuated more than in the Arctic; 
thus there was no general increase in temperature 
during the first part of the summer to a peak in late 
July followed by a corresponding general decrease in 
August as occurred in the Arctic. Though no data 
were recorded, the last week of August and first part 
of September would no doubt show a rapid decrease 
in temperature at all levels as was the case in Alaska. 

As in Alaska, the temperature gradient in the 
microclimatie layer increased toward the surface dur- 
ing the day. However, at night, the inversion type 
frequently occurred. Cold air drainage at night into 
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the Wet Meadow from the surrounding terrain fre- 
quently resulted in colder air above a relatively warm 
surface (Fig. 6). 

Mean monthly air, surface, and soil temperatures 
in most cases were highest at the ridge (Station 11) 
and lowest at the Wet Meadow Station (9). In 
general, mean monthly air temperatures were higher 
on the north slope (12) than the south (10), al- 
though average maxima were higher on the south 
slope in 1954 (Table 3). Surface and soil mean 
temperatures were always higher on the north slope, 
yet average maximum temperatures at the surface 
were frequently higher on the south slope. These 
fluctuations are difficult to explain in terms of angle 
of incidence alone. The north slope receives more 
direct insolation earlier in the morning than does the 
south slope and thus heats up more rapidly (Fig. 6). 
Though the greatest surface heating should occur in 
early afternoon, the sky frequently clouds up by 
this time which may eut down enough on insolation 
to prevent the south slope from heating up as much 
as it would under clear sky conditions. 

Average monthly minimum temperatures were 11° 
higher at the Ridge Station than the Wet Meadow 
Station in 1954 and 9.4° higher in 1955 (Table 3), 
again the result of cold air drainage at night coupled 
with slower air movement in the depression. The 
average maximum temperatures, however, were 4.3° 
lower on the ridge than in the wet meadow in 1954 
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Fic. 6. Mean weekly diurnal march of temperature for various levels for two weeks at the four alpine 
stations, 1955. 





October, 1956 

TABLE 3. Average maximum, minimum, and mean 
monthly temperatures (°F) at 4 in. air, surface and 
— 4 in. soil levels for 4 stations in the alpine tundra in 
1954 and 1955. 





Mean Monraty Atr TeMPERATURE, 4 INCHES, 1954 
| | | 

| 

| June (6 days) q 





July (31 days) August (17 days) 


Mean 


Station 


Max. | Min. 


|Mean 


46.0 


Mean |Max. 


| 71.2 | 27.8 | | 
| 70.0 | ape | 49.8 | 50.4 
| 67.0 | 36.0 | 50.1 49.0 

67.0 | 36.5 | 50.0 | 70.1 | 42.4 | 54.8 | 64.5 | 38.5 | 49.8 





Mean Monraty Arr TeMPERATURE, 4 INCHES, 


July (31 days) 





| June (13 days) August (25 days) 

| 49.6 
| 48.5 
51.8 
49.0 


| | 31.0 | | 48.0 | 70.7 | 30.6 | 51.3 | 69.6 


| 65.2 | | 7 
| 61.2 | 36.9 | 47.5 | 66.6 | 39.3 | 51.1 | 62.: 1 
| 64.2 | 36.9 | 49.0 | 68.9 | 42.1 | 54.7 | 66.4 | 43.5 | 


| 65.7 4 33.5 | 47.6 | 70.9 | 37.8 | 53.0 | 66.8 | 38.9 | 





Mean Monraty Surrace TemMPeRATUre 1954 





June (6 days) July (31 days) August (17 days) 


39.3 | 48.0 


68.2 | 39.7 | 50. 5 | | 65.2 
.8 | 42.1 | 56.4 | | 79.6 
ees Ie 


| 59.1 | 78. 


2 | 46.2 | 
7 | 52.6 | 84 


9.8 54.9 | 91. 4 42.0 





Mean Monrs_y Surrace TEMPERATU RE 1955 
July (31 days) August (25 days) 





June (13 days) 
6 | 69.4 | 37.5 ‘| 49.3 67.7 | 42.6 | 50.8 

| 94.0 | 37.6 | 57.9 | 7.6 | 41.2 | 52 
| 96.6 cel || ts. | ar | aba 

| 32.§ '8 | 87.6 | 57.2 | 75. 5.8 | 39.6 | 52 





Me. iAN Monta ty Soi, TemPeraTurE —4 Incues, 1954 
July (31 days) August (17 days) 





~ June (6 days) 
42.8 | 36. 
49.0 | 40. 
57.8 | 44. 
55.6 | 42. 


| 





Mean Montaty Sor Temperature —4 Incues, 1955 
(13 days) | July (31 days) eensie (25 days) 
| ee. Se Se ee 


| 38.5 | | 46. 2 42.2 | 47.4 55.6 | | 46.9 | 50.8 
52.3 | 46.6 | 48.9 


38.5 | 41.6 | 52. 45.0 | 48.3 
40.8 | 47.7 48.6 | 55.0 | 58.8 | 47.6 | 52.3 
37.3 | 43.8 | 58.2 | 45.0 | 51.2 | 55.9 | 45.5 | 50.0 





June | 


Deis assncnans ys 9 





*Pen failure throughout much of the summer. 


and 2.0° lower in 1955. The daytime differences may 
also be due to much stronger wind movement on the 
ridge as compared with the wet meadow. These find- 
ings correspond to those of Wolfe et al. (1949). 
Temperature lag above and below the surface in 
the alpine tundra was similar to that in the Aretie. 
Maximum surface temperatures were recorded be- 
tween 10:00 and 11:00 on the north slope and be- 
tween 13:00 and 14:00 elsewhere. At the 4 in. air 
level, the lag was very little in most cases; however 
at —4 in., the lag was about 4 to 6 hr at all stations. 
The maximum-minimum temperature data were 
collected from various habitats at the 12 in. level for 
These data show that temperature 
greater within the shelter of 


both summers. 
extremes were usually 
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willow clumps than in the open. A thermometer in 
a depression near a large boulder at Station 10 re- 
corded higher maxima and mean temperatures. for 
June and July than in the open. This slightly 
warmer microclimate enabled several of the species 
to start growth earlier and maintain a faster 
growth rate than in protected places. These 
observations were constantly repeated during the 
start of plant growth, for many plants leafed-out 
earlier near rocks, while only a few inches away 
branches of the same plant remained quite dormant 
for an additional 2 to 3 days. 

Comparing the monthly mean 4 in. temperatures in 
the arctic and alpine tundras (Tables 2, 3), it is evi- 
dent that June temperatures were higher in the Arctic 
but were somewhat lower in July and August. The 
sarlier melt of snow in Alaska in June may account 
for the slightly higher June air temperature as com- 
pared with the Wyoming data. In Alaska surface 
temperature data were also higher in June and lower 
in July and August. Temperatures at —4 in. were 
lower in the Arctic with the exception of the outer 
South-facing Station. 

Diurnal air temperature range in the alpine tundra 
in most cases was greater than in the Arctic. In the 
Arctic, continuous daylight favors at least some in- 
solation during each of the 24 hr in mid-summer, 
while in the alpine tundra no incoming radiation 
is received for 9 to 10 hr each night. At the Ridge 
Station (3) in Alaska, diurnal 4 in. air temperature 
‘ange averaged approximately 19° with a maximum 
of 43° and minimum of 5°. In the alpine tundra at 
the Ridge Station (11), the diurnal range was ap- 
proximately 23° with a maximum of 36° and a mini- 
mum of 14°. The diurnal temperature range was 
much less in Alaska at —4 in. This is to be expected 
since permanently frozen ground was within a few 
inches of this level throughout the summer. 


less 


PRECIPITATION 

The total amount of precipitation for the summer 
months in the arctic and alpine tundras was quite 
similar. Precipitation in Alaska for the summer 
months at the various stations averaged approxi- 
mately 5.7 in. while in Wyoming precipitation for 
1954 was 4.1 in. and in 1955, 5.3 in. at the North- 
facing Station (12). In both areas, August pre- 
cipitation was the largest. The Umiat total for the 
summer was as great as the previous amount re- 
corded for the entire year at that station (U. S. 
Weather Report 1952). Black (1954) reported that 
with better instrument shields at Point Barrow, Alas- 
ka, the annual precipitation has been found to be 
nearer 16 in. than the previous average of 4 in. 
Improved measurement techniques would probably in- 
crease the recorded total precipitation for Umiat in 
a similar manner. 

A large amount of the summer precipitation in 
Alaska is in the form of fine mist from stratus and 
stratocumulus clouds which occur on many days in 
each month. In Wyoming, summer precipitation 
usually occurs in the form of convectional thunder- 
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showers averaging about one every 3 to 5 days. Dry 
spells lasting several weeks may occur when stable 
Pacific air moves in. This may be followed by 
warm, unstable Gulf air with almost daily showers 
resulting. 

In the winter most of the precipitation falls in 
the form of snow in both the arctic and alpine tun- 
dras; however, greater amounts of snow accumulate 
in the alpine tundra. 


ATMOSPHERIC MOISTURE 


Since atmospheric moisture is closely related to 
solar radiation, air and soil temperature, and air 
movement, it is to be expected that differences would 
exist between Alaska and Wyoming and also between 
stations at each location. 

A continuous record of the dew point was obtained 
by means of a LiCl unit at a height of 2 to 4 in. at 
Umiat. In Wyoming, data are presented from a hy- 
grothermograph which was placed in a small wet 
meadow at the base of a semi-permanent snowbank 
only a few hundred feet from the North-facing Sta- 
tion. The shielded instrument recorded relative hu- 
midity at a height of 2 to 6 in. Im addition, psy- 
chrometer measurements were made at each servicing 
of the stations in Alaska and Wyoming. Since dif- 
ferent instruments were used to record the data, a 
comparison of the results is rather difficult. 

All of the data have been converted to vapor pres- 
sure deficit (VPD) values expressed in inches of 
mereury. It has been clearly shown that VPD is a 
much better way of expressing atmospheric moisture 
than relative humidity for it gives a better indication 
of the rate of evaporation (Anderson 1936). 

The continuous records of vapor pressure deficit 
in Alaska show that the VPD of the air was greatest 
the last week in July (.190), which corresponds to 
the week of highest temperature and solar radiation. 
The highest values for Wyoming also occurred during 
a week of high temperature and low cloud cover 
(.234). Comparing 5 weeks of continuous record 
in both tundra regions, the VPD was 27% greater 
in the alpine tundra. 

The spot readings at the various field stations in 
Alaska and Wyoming are not strictly comparable 
due to the different number of observations. Of the 4 
Alaskan transect stations (2 to 5), VPD was lowest 
on the north slope (.080) and highest on the second 
south slope (.114). Comparing the 3 distant sta- 
tions (6 to 8), the Coastal Plain Station recorded 
the lowest VPD (.084) with the Foothill Station 
(7) recording the highest (.121). In Wyoming, spot 
readings of VPD were lowest in the wet meadow 
(.216) and highest on the north slope (.285) and 
ridge (.282) and intermediate on the south slope 
(.254). 

In both tundras, the diurnal pattern of VPD was 
essentially the same. VPD was always low during 


the night and reached its maximum between 13:00 and 
14:00. 

Livingston white porous cup atmometer bulbs were 
used at various stations in Alaska and at all of the 
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Wyoming stations to measure the rate of evaporation. 
The atmometer results confirm the greater VPD 
values in Wyoming. In all cases, the Ridge Stations 
recorded the highest rates with little differences be- 
tween north and south slopes. 


SOIL MOISTURE 


Soil moisture data in Alaska were gathered from 
Stations 1 to 5 using nylon electrical resistance units. 
The units were read at Station 1 twice a week and at 
the other stations once a week using a Wheatstone 
bridge. 

The nylon units were not calibrated and no determi- 
nations were made of moisture equivalent and perma- 
nent wilting percentage for the various soils. As a 
result, it is impossible to make any conclusive state- 
ments. The majority of the resistance readings oe- 
curred within the range recognized as indicating a 
moisture content of field capacity (Bouyoucos 1949). 
In general, soil moisture decreased from the —4 to 
—8 in. level and then increased slightly again at —12 
in. These high moisture levels at —12 in. were due 
to the nearness of the permafrost table and the re- 
sulting entrapment of the melt-water above this level. 

The resistance readings were quite similar at all but 
Station 2 on the steep south-facing slope. Here soil 
moisture appeared to be below field capacity for 
most of the summer. 

Soil moisture in Wyoming was determined by the 
oven-drying of duplicate samples taken at —1 to —3 
in. and —3 to —5 in. each week at each of the sta- 
tions. 

The Carex peat at the Wet Meadow Station was 
constantly saturated. The soil moisture determina- 
tions as a result were always above the moisture 
equivalent. At Stations 10 to 12, soil moisture was 
below the 15 atmosphere level during 32% of all the 
observations at —1 to —3 in. and 59% at —3 to —5 
in. for both summers. Comparing these same fell- 
field stations, soil moisture was lowest at the Ridge 
Station, where only 33% of the observations recorded 
soil moisture above the 15 atmosphere determination. 
These values were somewhat higher for the north- 
facing slope (55%) and considerably higher on the 
south-facing slope (79%). 

From these limited observations, it appears that 
soil moisture in the Umiat area is never low enough 
to be critical, except possibly on steep south-facing 
slopes, while in the alpine tundra high moisture levels 
are maintained only in bog areas. 


WIND 

Wind ‘is an ever-present environmental factor in 
both the aretic and alpine tundras. In Alaska, the 
vegetation, in general, shows little wind modification, 
while in the alpine vegetation of the Snowy Range, 
prevailing wind direction is clearly evidenced by the 
pruning effect on dwarf willow shrubs and scattered 
clumps of spruce krummholz. Wind speeds during 
the summer averaged 3.7 mph at the 8 arctic stations 
and 6.3 mph at the 4 alpine stations. Wyoming 
winter wind data are not available; however, high 
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winds must frequently occur. Winter winds at Umiat 
averaged 7.6 mph from October through May (U. S. 
Weather Bureau 1952). 

The prevailing winds at Umiat are westerly in the 
winter and easterly in summer. In Wyoming, the 
prevailing wind directions are southwest and west in 
the summer, west and northwest in winter, but the 
orientation of the range in a_northeast-southwest 
direction results in southwest winds most of the time. 
In both the arctic and alpine tundras, the highest 
mean monthly wind speeds were recorded at the 
Ridge Stations (arctic 4.7 mph and alpine 9.8 mph). 
The lowest readings in Alaska were at the outer 
south-facing slope (1.7 mph) while in Wyoming 
lowest readings occurred at the Wet Meadow Station 
(4.0 mph). 

Spot readings in the alpine tundra recorded wind 
speeds 30 to 40 mph with gusts to 50 mph. This is 
in contrast to Alaska where spot readings were seldom 
over 10 mph. 

The low plant cover in both tundras enables the 
wind to move over the ground surface at a much 
greater speed than would occur with a taller and 
more complete vegetation cover. As a result, surface 
evaporation from the soil and transpiration from 
plants may be increased although no data were re- 
corded. 


CRYOPEDOLOGY 

Any work in aretic-alpine ecology must consider 
frost action, permafrost, and their various implica- 
tions upon vegetation. In northern Alaska the sur- 
face of the permafrost table in most cases paralleled 
the contour of the ground surface microrelief. Dif- 
ferent rates of thaw due to exposure were evident, 
especially in June. Lowering of the permafrost 
table was greater on the south side of willow, alder, 
and cottongrass clumps than on the north, with a 
correspondingly more rapid melt on the west side of 
clumps than on the east. The depth of summer thaw 
(active layer) varies with exposure, soil texture, and 
vegetation cover. 

The plant communities in which these profiles were 
taken are the same as recorded in the section on vege- 
tation with the exception of a soil polygon. In this 
soil polygon the soil center was surrounded by a 
community of Vaccinium  vitis-idaea minus, 
Ledum palustre ssp. decumbens, Empetrum nigrum, 
Carex bigelowii, Arctostaphylos alpina, lichens and 


ssp. 


mosses, 
The results show that in general, the active layer 
was shallowest under alder clumps, deeper under wil- 
low, and deepest under cottongrass tussocks (Table 
4). This is in accord with the amount of shade pro- 
vided by these cover types. During June the perma- 
frost table was slightly higher under the tussocks, 
but in August the permafrost table was fairly uni- 
form under the tussocks and between them. Lindsey 
(1953) reported the active layer averaged nearly 
twice as deep between tussocks as under them in 
the Mackenzie Delta region of Canada. The active 


layer at Umiat continued to increase in depth through- 
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out August, although the last week showed only a 
slight reduction in the level. The week of maximum 
retreat corresponded to the week of maximum temper- 
ature. 


TABLE 4. Maximum depth of the active layer under 
various types of plant cover and for various locations in 





northern Alaska in 1953. All measurements in em. 
Mean | _ Line Probe | \. 
Date Max. | Range | Length | Interval | No. 
Location Thaw | (m) (em) | Probes 
| | 
Alnus crispa Aug.26| 30.0 | 20-55 | 7.5 | 50 | 16 
Saliz richardsonii Aug. 26} 42.3 | 35-47 | 2.5 | 25 | 11 
Eriophorum vaginatum | | | 
ssp. spissum : Aug. 26} 45.0 41-51 | 2.0 10 21 
Soil polygon. . Aug. 27 57.6 37-83 8.5 50 | #18 
Station 3 | Aug.21|} 40.0 29-53 | 2.0 25 | 9 
Station 4 Aug. 11 43.2 24-65 | 2.8 | 2 | 12 
Station 5 Aug.11} 48.0 | 33-65 | 2.3 | 25 | 14 
Station 6 Aug.29| 38.3 | 20-54 | 20.0 20 101 
Station 7 Aug. 19 | 32.7 23-44 | 20.0 20 101 
Station 8 Aug. 19 33.4 22-46 | 20.0 20 101 





Measurements at Stations 3 to 5 showed that the 
active layer was shallowest on the ridge and deepest 
on the second south slope (Table 4). Attempts to 
measure frost retreat at Station 2 gave no reliable 
data due to the nearness of bed rock to the surface. 
However, the permafrost table did retreat to con- 
siderable depths in June on this steep slope. Depth 
of the active layer in the center of the soil polygon 
was 81 em while only 35 em along the vegetation- 
covered edges. Additional frost probings near Sta- 
tion 3 showed that even old soil polygons covered 
with lichens, mosses, and sedges could be detected by 
the greater depth of the active layer in their centers 
as opposed to areas between polygons. 

At Stations 6 and 8 frost retreat data were collected 
across depressed-center polygons which were water- 
filled. The depth of the active layer under the water 
was 10 to 15 em greater than on the raised rims which 
surrounded these polygons. The microrelief (frequent- 
ly only 15 em) provided by these raised rims sur- 
rounding depressed center polygons at the Coastal 
Plain Station supported low willows and seattered 
clumps of cottongrass. The lower and slightly wet- 
ter areas between the rims and the water supported 
wet site sedges and forbs. 

A leveling off of the permafrost table and even a 
slight rise (1 to 2 em) by the end of August was re- 
corded for all of stations 3 to 7. Thus, it seems 
that refreezing occurs both from below upward and 
from the top down. These findings are in agreement 
with those of Nikiforoff (1928) and Black (1951). 

In the alpine tundra of Wyoming, no permafrost 
was found although congeliturbation processes were 
represented by small solifluction slopes, stone nets, 
soil polygons, and peat mounds. Stone nets, stone 
stripes, and soil stripes have been reported from the 
Wind River Mountains, Wyoming (Richmond 1949). 
These features have been observed by the writer in 
several other ranges of the Rocky Mountains. Perma- 
frost has recently been reported from the Colorado 
Rocky Mountains (Retzer 1956). The depth of the 
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Fig. 7. Cross-section of three soil polygons in tie alpine tundra. Nearly all of the plants and their 


root systems were confined to the border area between polygons. 
The soil within the boils and under the border areas was fragmented mica-schist 
The border areas contained considerable ineorporated organic matter. 


in these border areas. 
with practically no organic material. 


summer thaw varies from 1 to 8 ft, while the depth 
of the permafrost ranges from 60 to 400 ft. 

In 1954, all measurable ground frost melted in 
Wyoming by the second week in July, while in 1955, 
frozen ground remained one week later. Slight dif- 
ferences in rate of retreat were found for different 
cover types. 

A transect was dug across three soil polygons and 
their cross-section plotted (Fig. 7). Only a few 
scattered plants of Geum turbinatum, Polygonum 
viviparum, Carex rossii, rhodanthum, and 
Festuca ovina var. brachyphylla were present in 
several of the soil centers, while between the polygons 
there was a nearly complete cover of Salix brachy- 
carpa, Geum turbinatum, Carex scopulorum, C. drum- 
mondiana, and Polygonum viviparum (Fig. 8). The 
surface of the centers was covered with a thin layer 
of mica-schist fragments with a mixture of finely 
ground mica-schist and rock fragments below to a 
depth of at least one meter. Between the soil centers, 
large amounts of organic material were incorporated 
into the soil, thus producing a sharp contrast be- 
tween this black soil below the vegetated borders 
and the yellow C horizon material within the centers. 
Almost all of the roots were confined to these areas 
of organic soil as were nearly all the rocks, which 
ranged in size from 5 to 35 em in diameter. Soil 
analysis data for one of the soil centers and border 
areas are presented in the soils section. 

The results of congeliturbation processes are very 


Sedum 


Fig. 8. Soil polygons before exeavation. Note the 
layer of small fragmented mica-schist on the surface of 
the polygons and the abundance of plants in the border 


areas. Meter stick across polygon indicates seale. 


All of the large rocks have accumulated 


evident in the complete confinement of large rocks to 
the areas between the soil centers and the nearly com- 
plete lack of plants within these centers. Wilson 
(1952) has described a very similar cross-section pro- 
file of soil polygons on Jan Mayen Island. The pres- 
ence of a fairly complete plant cover and the begin- 
nings of a soil profile on a few of the soil polygons 
in Wyoming indicate that eventually these areas of 
intensive frost action do become stabilized, at least 
in part, through either the presence of plant cover 
or a decrease in frost activity or both. 

Stone nets in the Snowy Range were confined to up- 
land fell-field areas. The nets ranged in diameter 
from 3 to 7 m with soil and rocks in the center sur- 
rounded by larger rocks, some of which were 1 m in 
diameter. The soil in the center was covered with 
typical alpine fell-field plants, while only a few plants 
were found in the surrounding rock areas due to 
the lack of soil. A transect one stone net 
showed that organic soil occurred to a depth of 0.5 m 
in the center with fragmented parent material below 
to a depth of 1 m where bed rock was encountered. 
Roots of Geum turbinatum and Carex elynoides pene- 
trated to about 0.8 m. 

Congeliturbation processes were observed in opera- 
tion in both tundras, although more surface features 
It is be- 


across 


(patterned ground) were found in Alaska. 
lieved that the distribution of species is affected to 


a greater extent by these features in the Arctic. 
Permafrost was found only in the Aretie, but it is 
known to occur in some alpine environments (Ritzer 
1956). 
VEGETATION 

The plant community at the Base Camp Station (1) 
was characterized by sedges, dwarf heath and low 
shrub species (Table 5). Alnus crispa clumps, al- 
though scattered, were quite conspicuous because of 
their height (1.5 to 2.0 m). Other shrubs included 
several species of willow and Betula nana ssp. evilis. 
Heath species commonly found scattered throughout 
the community included Vaccinium vitis-idaea ssp. 
minus, V. Empetrum nigrum, and 
Ledum palustre ssp. decumbens. Between the clumps 
of alder and willow was a matrix of Eriophorum 
vaginatum ssp. spissum tussocks and Carex bigelowii. 
The principal mosses were: Hylocomium alaskanum, 
Tomenthypnum nitens (Hedw.) Loeske, and Aulacom- 


uliginosum, 
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TABLE 5. Combined density-frequency-dominanee per- 
eentages for the spermatophyte species at the 8 arctic 
tundra stations. 





STATIONS 
Species 


Vaccinium vitis-idaea ssp. 


minus... . es 6.0 | ... |15.8 |15.1 [13.2 |13.6 |14.8 | 2.7 
Eriophorum vaginatum ssp. | 

spissum.. . * é 9.1 | 9.8 |15.4 | 9.2 |11.6 |17.8 | 6.2 
Leaum palustre ssp. decumbens .| 1.8 | }15.8 |15.5 [14.8 |16.4 |14.3 
Carex bigelowii. . ‘ 17.8 . | 3.3 | 3.7 | 9.7 |15.8 |13.6 | 5.7 
Betula nana ssp. erilis........| 3.7 | 3.0 11 3 |10.8 | 6.0 | 4.2 |13.7 
Cassiope tetragona . .-. | 1.5 115.2 | 4.9 15.6 | 1.0 
Vaccinium uliginosum 11.9 | 3.9] 7.5 | 3.7 | 1.1] 1.4 | 3.3 
Saliz pulchra. . : 3.6 420 | 2.8 | 6.3 1 1.2 1 8.1 1 3.7 
Saliz glauca ssp. desertorum....| 5.1 |20.5 | 1.5 Bee 0.8 
Empetrum nigrum. . | 2.5 | 5.3 | 4.0] 6.1 | 0.9 | 0.7 
Arctostaphylos alpina at 1 eT 1-63 | 12.2 
Arctagrostis latifolia... . ..| 6.4 | 5.8 LT $34 
Polygonum bistorta ssp. 

plumosum + 5.8 | 4.9 | 3.8 | 0.9 
Petasites frigidus . 1.9 | 0.6 ey | 2.1 
Senecio atropurpureus ssp. | | 

frigidus. . 3.1 | | 1.3 0.6 : 0.6 
Stellaria laeta 1.8 | | 0.6 | 0.6 0.6 
Lupinus arcticus ; 4.3 {13.5 ; 2.1 
Eriophorum angustifolium 1.7 ‘ 6.8 5.8 
Alnus crispa : 1.2 | | 2.8 | 1.7 
Carex aquatilis iy see ie , : 10.0 16.9 
Pedicularis labradorica .. . . . . “se f ee ei. 1.2 
Andromeda polifolia........ cre | on. on 1.9 | 
Poa arctica... .. rer a See Wee 0 ; 
Equisetum scirpoides. hs 3 See) (eee 27 
Saliz richardsonii.. . . 3.0 (BBS Meee 5.0 
Saliz reticulata... . i. 0.6). TERNS 4.2 
Pyrola grandiflora. . 1.8 2.7 
Pyrola secunda 0.6 1.2 
Cardamine richardsonii.... ie ie | 1.9 
Equisetum arvense . -06 a eee ieee : ey 
Dryas integrifolia. Z | ree, (ie niges ic hoes OS 
Eriophorum scheuchzeri........| +++ xa See | oat eee . | 5.0 
Festuca brachyphylla oe eee wee : : 4.0 
Potentilla palustris............| «++ |. ee Se ee | see |nee8 
Polygonum viviparum . . | 2.0 
Carex chordorrhiza | 0.8 
Sazifraga punctata ssp. 

nelsoniana........... PEt renee (esearad ee ie | 0.7 
Valeriana capitata.......... tee : én ‘ Sale 0.7 
Polemonium sp...... . see ay Pee ; ; « | OT 
Pedicularis sudetica. . : oe eee a3 : wo 0.7 
i eee Seehisen| sae] ; 8.0 
Scirpus caespitosus ssp. | | 

austriascus........... fei. a ee ee Ps 3.4 
Rubus chamaemorus..........| «++ |. | ee. | eee . | 3.2 
Saussurea angustifolia ; Sy Ras eek ae ee 1.2 
Pedicularis lapponica.........| +++ | +++ ee ei 
Pedicularis capitata...........) ++ |... |. 0.6 
Luzula confusa.......... | 2.1] 
Salix phlebophylla | 2.0 


Senecio lugens............. aan eee ee 
Vohlodea atropurpurea ssp. 


paramushirensis 10.0 
Poa altaica. . eividecsal o9 ee 
Potentilla fruticosa..... . BA ere ee 
Galium boreale.... . ios sac 20 ee 
Hedysorum alpinum ssp. 

americanum..... Boe shies 3.9 
Senecio pauperculus..... 3.2 | 
Aster sibericus........ cecal cos Dow 
Zygadenus elegans... . 1.9 | 
Potentilla hookeriana. 1.5 
Poa norbergui. . . . : re 1.0 | 
ae : 0.8 | 
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TABLE 5. (Continued) 





STATIONS 
Species na Sa oe x Be: ri Fea 

1 2 3 i 5 6 7 8 

No. of species 25 16 18 15 18 16 9 | 31 
No. of species confined to 

this station 1 12 2 2 1 3} 0} 10 
No. of species common to 

all stations. 0 0 0 0 0 0 0 0 
No. of species common to 

5 stations 10 3 11 9 11 8 4 8 


nium turgidum. Among them was the lichen Pelti- 
gera aphthosa. 

Station 2 on the outer south-facing slope was domi- 
nated by shrubs and grasses. The shrubs, including 
Salix glauca ssp. desertorum, Betula nana ssp. exilis, 
and Potentilla fruticosa, were largely confined to de- 
pression areas on either side of a more exposed small 
ridge. These shrubs attained a height of 0.5 to 1.5 
m in protected areas, while on the more exposed 
ridge they were less than 0.5 m in height and con- 
Grasses, including 
and Vahlodea atropurpurea ssp. para- 
along with an abundance of Senecio 


tained many winter-killed tips. 
Poa 
mushirensis, 
lugens and Lupinus arcticus dominated on the more 
exposed portion. The relative luxuriance of this 
vegetation complex and its component species, 
especially on the grassy ridge, was similar to that of 
the vegetation types commonly found adjacent to 
the major rivers (Bliss & Cantlon 1956). 

Mosses, principally Bryoerythrophyllum recurviros- 
tre (Hedw.) Chen, Distischium capillaceum, Myurella 
julaceae, and Rhytidium rugosum were present, but 
not abundant. No lichens were sampled in this com- 
munity. 

A heath-tussock community dominated at Stations 
3 to 7 (Table 5, Fig. la, lb). Eriophorum vaginatum 
ssp. spissum tussocks were more scattered and of only 
medium height (12 to 18 em) at the Ridge Station 
(3) and Mountain Station (6). Elsewhere the tus- 
socks were more numerous and of larger stature (15 
to 25 em). There was some shift in importance of 
heath species between stations, although Ledum pal- 
ustre ssp. decumbens and Vaccinium vitis-idaea ssp. 
minus were most important at all stations. Hmpetrum 
nigrum and Vaccinium uliginosum were unimportant 
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at Stations 6 and 7 as was Cassiope tetragona at Sta- 
tion 3. The latter species did not oceur at the Moun- 
tain Station (7). Arctostaphylos alpina was abun- 
dant only at Station 5. 

Seattered shrubs of Betula nana ssp. and 
Salix pulchra seldom exceeding 30 em in height were 
found at all stations. Alnus crispa was present at 
Stations 4 and 5 where it grew to a height of 0.7 m. 

Carex bigelowii and Polygonum bistorta ssp. plu- 
mosum were the only herbs aside from Eriophorum 
with a high constancy. These species along with most 
of the heath species grew on the almost continuous 


exilis 
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lichen-moss mat between the tussocks as well as upon 
the tussocks. 

At the Mountain Station (7) a small portion of 
the sample line ran through a wet sedge community 
formed in a shallow depressed-center polygon. Fri- 
ophorum angustifolium dominated in the shallow 
water while Carex aquatilis formed a band around 
the edge of the pond. 

Lichens and mosses were very important constit- 
uents in all these heath-tussock communities. In- 
variably the eryptophytes accounted for at least 50% 
of the total vegetation cover. As a result, there was 
little bare ground. Cetraria cucullata was the most 
abundant lichen at all stations. Other species with 
a high constancy but low abundance included: Dacty- 
lina arctica, Cladonia rangiferina, and C. amau- 
rocraea. Cladonia sylvatica and Thamnolia vermi- 
cularis were present at only two stations. 

Dicranum elongatum was the most abundant moss 
in addition to having the highest constancy. Sphag- 
num balticum was abundant at Stations 5 and 7 even 
though drainage appeared to be fairly good. Other 
mosses with both low constancy and abundance in- 
cluded: Aulacomnium turgidum, A. palustre, Rhaco- 
mitrium lanuginosum, Hylocomium alaskanum, and 
Tomenthypnum nitens. Small amounts of Ptilidiwm 
ciliare, a liverwort, were found at two stations. 

The Coastal Plain Station was set up on the raised 
edge of a water-filled depressed-center polygon. The 
total relief was less than 0.5 m, yet both aquatic and 
upland communities were represented. The polygon 
was approximately 25 m from one raised rim to the 
other, with open water occupying 7 m of the center. 

The aquatic community was dominated by. Carex 
aquatilis, which formed a band around the outer 
margins where the water was shallow (2 to 8 em), 
while Eriophorum angustifolium and E. scheuchzeri 
were confined to the deeper water (10 to 20 em). 

The upland community was a dwarf shrub-heath- 
tussock type. Dryas integrifolia and Carex bigelowiti 
predominated throughout, with Eriophorum tussocks 
largely confined to the highest and driest sites along 
The tussocks were widely spaced and at- 
Salix richard- 


the rim. 
tained a height of only 10 to 15 em. 
sonii, S. glauca ssp. desertorum, and S. pulchra 
were confined to the driest sites while S. reticulata 
occurred throughout. Heath species were not as im- 
portant as at the other stations. 

Mosses and lichens were abundant only in the better 
drained part of the community. Important mosses 
included: Aulacomnium palustre, A. turgidum, and 
Hylocomium alaskanum with smaller amounts of 
Messia triquetra and Tomenthypnum nitens.  Pelti- 
gera aphthosa accounted for 50% of the lichen cover 
while Dactylina arctica, Thamnolia vermicularis, and 
Cetraria cucullata made up the balance. 

A diversity of community types occurs at these 8 
arctic stations (Table 5). The most widespread com- 
munity is the heath-tussock type found at Stations 3 
The community at Station 2 is least like those 
Of tie 16 species present there, 


to 7. 
of the other stations. 
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75% are confined to that station. The large number 
of species at the Coastal Plain Station is due to the 
greater diversity of habitats within a short distance. 

No single species was found at all 8 stations, al- 
though in most cases only a small percentage of the 
species was confined to any one station. Six of the 
species were found at 7 of the 8 stations and in gen- 
eral, these species are important wherever they occur 
(Table 5). 

Plant cover, including eryptogams, is quite com- 
plete at all but Station 2 where considerable bare 
ground occurred on the exposed grassy ridge. At the 
other stations, vascular plants do not form a complete 
cover; however, lichens and mosses fill in most of the 
ground surface between the tussocks and even grow 
on the sides and tops of the tussocks. 

Timberline in the Snowy Range is not as pro- 
nounced as in many of the other Rocky Mountain 
ranges where more rounded mountain summits pre- 
vail. While upright spruce and fir trees grow no 
higher than 10,700 ft, scattered clumps of krummholz 
occur well up on Medicine Bow Peak. These shrubby 
mats, largely Picea engelmanni, are limited to pro- 
tected places either in the lee of large rocks or in 
depressions. They are not found on ridges which are 
constantly wind-swept both in summer and winter. 
Thus it seems that the lack of protective snow cover 
and the abrasive effect of strong snow-laden winds 
limit tree growth extensively. Griggs (1940) dis- 
cussed the importance of wind in producing crippled 
trees. The presence of isolated stunted trees con- 
siderably above climatic timberline in protected 
places has been reported for several mountain ranges 
(Griggs 1946, Daubenmire 1943). 

The alpine tundra plant communities thus occur 
interspersed between scattered clumps of krummholz 
over much of the area studied. Salix planifolia var. 
monica and S. brachycarpa, found in wet sedge and 
drier fell-field areas respectively, attain their greatest 
height and development in the protection of conifer 
krummholz. Elsewhere, the willows are largely con- 
fined to the protection of depressions and rocks. 

The alpine plant communities consist of several 
types: (1) sedge-willow type in level, marshy areas 
usually adjacent to small lakes and ponds, (2) fell- 
field sedge-forb type wherever soil develops: among 
rocks, and (3) late snowbank type. Station 9 was 
located in a wet sedge-willow community while the 
other stations were in fell-field communities. 

The wet meadow community was dominated 
by Carex scopulorum, Caltha leptosepala, and 
Senecio cymbalarioides in the wetter part near a 
small pond, while Deschampsia caespitosa, Carex 
scopulorum, and Potentilla diversifolia dominated on 
slightly drier areas (Table 6). Salix planifolia var. 
monica shrubs, though seattered throughout, reach 
their best development on drier sites. Most of the 
shrubs were less than 35 em in height which is in 
contrast to shrubs up to 1 m in more protected places 
(Fig. 2a). 

Mosses were sampled at only this station with 
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TABLE 6. Combined density-frequency-dominance per- 
centages for the spermatophyte species at the 4 alpine 
tundra stations. 





STATIONS 
Species 








Carex drummondiana 

Geum turbinatum 

Trifclium dasyphyllum 

Phlox caespitosa 

Arenaria obtusiloba 

Festuca ovina var. brachyphylla. 

Calamagrostis purpurascens... . 

Hymenozys grandiflora 

Sedum stenopetalum 

Polygonum viviparum......... 

Artemisia scopulorum 

| ea 

Pedicularis parryi 

Salix brachycarpa 

Poa rupicola 

Agropyron bakeri 

Eritrichium elongatum 

Potentilla diversifolia 

Polygonum bistortoides......... 

Potentilla plattensis........... 

Arctcstaphylos uva-ursi 

Campanula uniflora 

Erigeron simplex 

Haplopappus pygmaeus........ 

Chionophila jamesit 

Draba oligosperma 

Paronychia pulvinata 

Potentilla concinna 

Luzula spicata............. 

Trifolium parryi 

Pclemonium viscosum 

Erigercn pinnatisectus......... 

Carex scopulorum 

Deschampsia caespitosa 

Salix planifolia var. monica... . 

Senecio cymbalarioides......... 

Caltha leptosepala 

Sedum rhodanthum 

Od Sa 

Pedicularis groenlandica 

Carex aquatilis 

Epilobium alpinum 

Kalmia polifolia ssp. 
microphylla 

Antennaria umbrinella......... 

Viola bellidifolia 
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Polytrichum juniperinum and Aulacomnium palustre 
providing nearly as much cover as that of the 


phanerogams. 

The plant community at the South-facing Station 
was characterized by Geum turbinatum, Carex drum- 
mondiana, and Potentilla diversifolia with smaller 
amounts of Trifolium dasyhpyllum and Artemisia 
scopulorum (Fig. 2a). Salix brachycarpa, the only 
shrub present, was limited to protected sites. Cushion 
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plants form a part of this community but, with the 
exception of Trifolium dasyphyllum, all are quite 
minor (Table 6). 

The Ridge Station was located in a very rocky fell- 
field community dominated by Carex drummondiana, 
Paronychia pulvinata, Selaginella densa, Trifolium 
dasyphyllum, Phlox caespitosa, and Arenaria obtusi- 
All but the first of these are cushion plants. 
Festuca ovina var. brachyphylla was the only other 
The complete lack of 
shrubs, coupled with the abundance of cushion plants 
and the sparseness of plant cover, are important 
features of this windswept ridge (Fig. 2b). Some of 
the herbs attained a height of 15 em, while most of 
the cushion plants were no higher than 3 em. 

The north slope was again dominated by Carex 
drummondiana and turbinatum along with 
viviparum (Table 6). Cushion plants 
were more important here than on the south slope 
but less significant than on the ridge. These included: 
Arenaria obtusiloba, Phlox caespitosa, Silene acaulis, 
Trifolium dasyphyllum, and Selaginella densa. Nu- 
merous scattered shrubs of Salix brachycarpa and 
Arctostaphylos uva-ursi were found in wind-protected 
sites. 

Table 6 shows that no species occurred at all four 
stations. The south slope exhibits the only similarity 
with the wet meadow, for two species occur at both. 
Similarity was greatest between the north and south 
slopes with 65% of the species common to both. The 
similarity between the ridge and the north slope and 
the ridge and south slope was only slightly less 
(58%). 

Although Stations 10 to 12 were all located in fell- 
field communities, the number of species and amount 
of vegetative cover varied considerably. The plant 
community on the south slope was most nearly like 
a climax alpine meadow, for while a few large rocks 


loba. 


species of any importance. 


Geum 
Polygonum 


were present, most of the remaining surface was 
covered with plants. The 26% rock and bare ground 
on the south slope was in contrast to the ridge where 
68% of the surface was either bare ground or rock. 
Bare ground and rock accounted for 46% of the sur- 
face on the north slope, while only 16% of the surface 
was bare of plant cover in the wet meadow. This 
latter low figure is due to the abundance of mosses. 
Thamnolia vermicularis was the only lichen encoun- 
tered, and this on the north slope. 

In comparing and contrasting 
regions, one of the most obvious differences is the 
much greater importance of both heath and willow 
shrubs in the Arctic. Alder and dwarf birch were 
not encountered in the alpine tundra either. In con- 
trast to this, cushion plants are very important in the 
mountains and of minor importance in the Arctic of 
northern Alaska. 

The vascular plant cover is surprisingly similar in 
the two regions, even though in general not enough 
time has elapsed for development of soil beyond the 
fell-field stage in the alpine tundra. However, the 
abundance of lichens and mosses in the Arctic re- 


these two tundra 
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duces the bare ground area to a minimum, while in 
the alpine tundra mosses are important constituents 
of the communities only in the wetter habitats and 
the only lichens of importance are the crustose forms 
on rocks. The two moss and one lichen species found 
in Wyoming were also found in northern Alaska. 

The heights of the taller shrub species in both tun- 
dras are largely governed by the protection of winter 
snow cover; thus taller shrubs in both areas are limited 
to places where snow piles up into drifts. Heath 
species in both regions are low in stature, seldom ex- 
ceeding 10 cm. The herbaceous plants in the Arctic 
are usually 15 to 30 em tall while most of the alpine 
plants are under 15 em high except in wet meadows 
where plant heights are comparable to those of the 
Arctic. 

Of the 104 species in the samples at the 12 stations 
in both tundras, only 2 species are common to both, 
Carex aquatilis and Polygonum viviparum. Of the 
59 genera found in the arctic and alpine tundra, 12 
are found in both. The percentages would be some- 
what higher if all the flora were considered, for 
several other arctic species were observed in the alpine 
tundra but they were not in the communities sampled. 


Lire-FormM SPECTRA 
Life-form spectra (Raunkiaer 1934) have 
used by many investigators in attempts to correlate 
prevailing climates with plant physiognomy. These 
studies indicate that the life-form spectrum of a 
flora is an expression of the climatie factors and 
therefore can be used as a rough measure of total 


been 


climate. 

In most studies of this type, the life-form spectra 
have been based upon the flora (species lists) rather 
than upon quantitative vegetational data. Species 
lists give equal rank to rare as well as abundant 
species while the use of quantitative data weights the 
spectrum in terms of the relative importance of the 
various species within the plant community. Life- 
form spectra based upon frequency data have been 
used by several investigators (Cain 1945, Buell & 
Wilbur 1948). Cain (1950) suggested the use of 
cover in the construction of life-form spectra. This 
has been shown to be a very satisfactory method by 
Stern & Buell (1951) and by Archard & Buell (1954). 

In the present study, life-form spectra weighted by 
the combined DFD percentages for the species at 
each station have been constructed. The spectra are 
thus an expression of the indicator value of the vege- 
tation rather than that of the flora. 

The arctic life-form spectra show that eryptophytes 
and chamaephytes are proportionally higher in rela- 
tion to Raunkiaer’s normal spectrum. Phanerophytes 
while present, belong to the nanophanerophyte group, 
for they are all under 2 m in height. Although several 
therophytes occur in northern Alaska, none appeared 
in the samples of this study. At Stations 1, 6, and 
8, where wet habitats were present, the increase in 
the number of eryptophytes is very evident (Table 
7). Elsewhere, chamaephytes dominate in the upland 
heath-tussock communities. At the outer south-facing 
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slope, hemicryptophytes are most important, although 
there is a marked increase in nanophanerophytes due 
to the abundance of Salix glauca ssp. desertorum., 


TABLE 7. Life-form spectra for the vegetation at the 
various aretic tundra stations in northern Alaska based 
upon the vegetation DFD percentages. Equisetum 
arvense and E. scirpoides are included with the sper- 
matophytes. 





| PERCENTAGE DISTRIBUTION OF SPECIES 
Station | No. of —- 


PH CH 


H 
12.9 28.6 25.6 
20.5 15. 62. 
0.0 70.7 
4.3 69. 
9.0 60.6 
0.0 42.! 
0.0 68.5 
9.5 21.5 
Raunkiaer 
Normal. bs 46.0 9.0 





The life-form classification of a species may change 
from that of a nanophanerophyte to a chamaephyte. 
Salix pulchra grew as a shrub under 30 em in height 
at Stations 3, 6, and 7. Salix glauca ssp. desertorum 
also grew only as a chamaephyte at the Ridge Sta- 
tion (3). The number of dead terminal shoots test- 
ified to the confinement of these willows to this life- 
form class at these stations, while at the other loca- 
tions, where there is probably more protective snow 
cover in winter, the shrubs oceur as nanophanero- 
phytes. This clearly shows the influence of the en- 
vironment upon the life-form of the species. 

Cryptophytes and chamaephytes are also most im- 
portant in the alpine life-form spectra. At the Wet 
Meadow and South-facing Stations, cryptophytes and 
hemicryptophytes predominate, while chamaephytes 
are most important on the ridge. Chamaephytes and 
hemicryptophytes are most important on the north 
slope (Table 8). Salix brachycarpa, the only nano- 
phanerophyte at Stations 10 and 12, is frequently re- 
duced to a chamaephyte where there is little protec- 
tion. The abundance of dead stems each spring again 
illustrates the importance of snow protection in 
maintaining the life-form of these low shrubs. 

The lack of therophytes and the confinement of 
the few phanerophytes to the nanophanerophyte class, 
in addition to the abundance of chamaephytes and 
eryptophytes, is indicative of the adaptation of the 
vegetation to the severe environments and short grow- 
ing seasons in the two tundras. The perennating buds 
of the chamaephytes and nanophanerophytes are pro- 
tected by snow in winter, and the resulting height of 
the shrubs is an indication of the snow depth during 
the severe part of the winter. Exposed ridges where 
the snow cover is thin or lacking due to wind are 
principally populated by chamaephytes and _ hemi- 
cryptophytes. Cryptophytes are relatively more 
abundant in wet meadows in both regions. 
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TABLE 8. Life-form spectra for the vegetation at the 
various alpine tundra stations in the Snowy Range of 
Wyoming based upon the vegetation DFD percentages. 
Selaginella densa is included with the spermatophytes. 





| PERCENTAGE DISTRIBUTION 9F SPECIES 
Station | No. of | | "2a 
| Spp. | CH H | CR TH 





0.0 
0.0 
0.0 
0.0 


29.8 
19.8 
17.0 
28.6 


a 56.5 | 
19. 59.9 
63. 19.2 
30. 38.4 
Raunkiaer 

Normal. 


9.0 | 26.0 6.0 | 13.0 
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PLANT DEVELOPMENT 


GENERAL PHENOLOGY 

The classification of seasons based upon astronomi- 
eal phenomena is of little ecological value, for bi- 
ological events are governed by effects of the holocoen- 
otie environment on gene action rather than by the 
seasonal progression of the sun alone. Thus the 
breaking of dormancy at Umiat, Alaska in 1953 oc- 
curred during the second week of June while in 
northern Ohio shrub and tree growth began more 
than two months earlier. 

Seasons were established based upon the following 
phenological events: vernal—breaking of dormancy 
to full leaf for the shrubs, estival—full leaf to leaf 
coloration, autumnal—leaf coloration to leaf fall, and 
hibernal—leaf fall to the breaking of dormancy the 
following spring. 

The vernal season at Umiat in 1953 began the 
second week in June and continued until the end of 
the month. During this period, buds of the various 
willow species along with alder and dwarf birch 
broke dormancy and the leaves expanded rapidly. 
At the same time, most of these shrubs flowered, as 
did Eriophorum vaginatum ssp. spissum, E. angusti- 
folium, Carex aquatilis, C. bigelowii, Rubus chamae- 
morus, Dryas integrifolia, Vaccinium uliginosum, 
Cassiope tetragona, Empetrum nigrum, and numerous 
others. The transition of the vegetation from winter 
dormancy to summer green, along with the flowering 
of many species, was most striking because of its 
rapid succession. 

The estival season extended from the end of June 
through the third week of August. During this 
period, the majority of the species flowered including 
many which began to bloom in the vernal season. 
Some of the species which reached their peak in 
flowering included: Vaccinium vitis-idaea ssp. minus, 
Pyrola grandiflora, Senecio congestus, S. atropurpu- 
reus ssp. frigidus, Valeriana capitata, Epilobium 
latifolium, and E. angustifolium. Ledum palustre 
ssp. decumbens, Papaver radicatum, Stellaria laeta, 
and Lupinus arcticus reached their peak of flowering 
during the transition from the vernal to the estival 
season. Peak of flowering was considered to be that 
time when more than 50% of the plants of the given 
species were in flower. 
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Seed of Salix richardsonii and S. pulchra were 
dispersed the second week of July. By the end of 
the estival season, most of the seeds of Lupinus arcti- 
cus, Cardamine richardsonii, Saxifraga punctata ssp. 
nelsoniana, Papaver radicatum, Valeriana capitata, 
Eriophorum vaginatum ssp. spissum, and E. angusti- 
folium were dispersed. Seeds of most of the heath 
species were not ready for dispersal until the autum- 
nal season. 

The autumnal season started with the coloration of 
leaves beginning the fourth week in August and ex- 
tending into the first part of September. Observa- 
tions ended on August 30, thus no accurate date for 
the start of the hibernal season can be made. How- 
ever, some leaves had fallen by the end of August 
especially those of Alnus crispa. Fall colors of purple 
predominated in dwarf birch, Vaccinium uliginosum, 
and Arctostaphylos alpina, while yellows were char- 
acteristic for alder and various species of willow. 
The grasses and sedges were yellow and brown, while 
leaves of Empetrum nigrum, Vaccinium vitis-idaea 
ssp. minus, and Ledum palustre ssp. decumbens re- 
mained evergreen. An occasional flower of Papaver 
radicatum and Epilobium angustifolium was still in 
bloom even though frosts occurred nearly every night. 

Winter began with the complete fall of deciduous 
leaves during the first part of September; this in- 
troduced the long unbroken winter of a little over 
9 months. 

The various plants grow and bloom in response to 
the effects of the general environment on their genetic 
structure. The influence of the microenvironment in 
modifying this is also important. Thus, the same 
species frequently reaches an equivalent level of phe- 
nological development on different dates at the various 
stations (Table 9). 

Some of the species common to Stations 1 and 3 
bloomed 3 to 5 days earlier at Station 1. These in- 
cluded Carex bigelowti, Alnus crispa, Ledum palustre 
ssp. decumbens, Vaccinium vitis-idaea ssp. minus, 
and Cassiope tetragona. Lupinus arcticus and dwarf 
birch flowered 7 to 10 days earlier at Station 2 on 
the outer south slope than at Base Camp (1). The 
latter species leafed out about 7 days earlier at Sta- 
tion 2 than at Stations 3 to 5. In most eases, species 
common to Stations 3 to 5 reached the same phenologi- 
cal level of development on the ridge and south slope 
at the same time, while the same species were 2 to 
5 days later in development at Station 4 (north slope). 

At Station 1, alder and dwarf birch leafed out and 
bloomed 2 to 6 days earlier on the south side of alder 
clumps than on the north side. A corresponding lag 
occurred in the breaking of dormancy of alder buds 
from the base of a shrub to the buds at a height of 
1 m with the basal buds opening 2 to 5 days earlier. 
A similar lag in development in the spring was found 
with shrubs growing on the lee side of lakes in rela- 
tion to wind movement. These shrubs remained dor- 
mant several days longer than those on the opposite 
side of the lake. 

The phenological development of several species oc- 
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TABLE 9. Phenological events for various species at 
several stations in northern Alaska in 1953. 





Phenological 


Phenological 
Date event 


event Station 


Station Date 





Polygonum bistorta ssp. plumosum 
July 5 full bloom 
July 13 full bloom 
July 16 full bloom 
July 27 full bloom 


Cassiope tetragona 
July 5 end of bloom 
June 22 fuil bloom 
July 5 past peak bloom 
July 9 full bloom 


Saussurea angustifolia 
July 16 in bloom 
July 23 full bloom 
July 27 in bloom 
Aug. 6 in bloom 


Vaccinium vitis-idaea ssp. minus 
6 July 16 full bloom 
3 July 21 full bloom 
7 July 27 full bloom 
8 Aug. 6 full bloom 





Valeriana capitata 
July 16 few in bloom 
July 14 full bloom 
Aug. 6 full bloom 
Aug. 8 seed nearly ripe 
Aug. 12 seed ripe 
Aug. 28 seed ripe 


Ledum palustre ssp. decumbens 
6 July9 full bloom 
3 July 13 full bloom 
7 July 16 full bloom 
8 July 27 full bloom 





Eriophorum vaginatum ssp. spissum 
6 July9 full cotton 
July 10 full cotton 
July 27 full cotton 
July 27 near full cotton 
July 28 seed dispersing 
July 31 seed dispersing 
Aug. 19 seed dispersing 
Aug. 19 seed dispersing 


Lupinus arcticus 
June 24 —_ full bloom 
July 16 full bloom 
Aug. 4 seed ripe 
Aug. 28 seed ripe 








curred 2 to 3 weeks earlier at the Mountain Station 
(6) than at the Coastal Plain Station (8), a distance 
of approximately 130 miles (Table 9). These find- 


ings are in accord with those of Trapnell (1933) who 


found a lag of 3 to 4 weeks in the reproduction of 
numerous species from the interior valleys to the 
coastlands in Godthaab Fjord in west Greenland. 
Although numerous species bloomed at least one week 
later at Station 8 than at Station 1, the number of 
days required for seed to develop was essentially the 
same. 

In the alpine tundra, the same criteria were used 
to determine phenological seasons. In 1954, at Sta- 
tion 10 on the south slope, the vernal season began 
before observations were started on June 22. The 
vernal season ended the first week of July with the 
full leafing of Salix brachycarpa. The peak of 
flowering was reached during that season, with the 
flowering of Geum turbinatum, Phlox caespitosa, 
Carex drummondiana, Hymenoxys grandiflora, Poly- 
gonum bistortoides, Silene acaulis, Trifolium dasy- 
phyllum, and others. 

The estival season began the first week in July and 
ended the third week in August. During this season, 
fewer flowers were in bloom; however, many of the 
species which reached their peak in the vernal season 
continued to bloom. 

Observations ended August 18 with the beginning 
of the autumnal season; thus its duration is unknown. 
Yellow and brown fall colors predominated in the 
grasses, sedges and willows, while purple leaves of 
Geum turbinatum were conspicuous. On September 
16 fall coloration was at its height. Salix brachycarpa 
leaves were starting to fall on the north slope, while 
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leaves of the same species on the south slope were 
yellow and still attached (W. D. Billings, personal 
communication). 

The various phenological events, in general, oc- 
curred first on the south slope, followed within 1 to 
2 days on the ridge and an additional 1 to 2 days on 
the north slope. Species at the wet meadow were in 
general 3 to 7 days behind the development of the 
south slope species largely as a result of late-lying 
snow. 

Seeds of Salix planifolia var. monica were dispersed 
about the middle of July, during the first part of the 
estival season. Seed of most of the other species did 
not ripen until the end of this season or the begin- 
ning of the autumnal season. The number of days 
required for seed maturation of the species common 
to Stations 10 to 12 was about the same. 

In 1955, the same general phenological pattern oc- 
curred, although the seasons were in general about 
one week later. The peak in the number of species 
in bloom and abundance of flowers for each species 
was not until July 10, two weeks later than in 1954. 
The autumnal season was also later, for fall colora- 
tion on August 26, 1955 was not as far advanced as 
it wes on August 18 in 1954. 

Although a lag of 2 to 3 weeks in phenological 
development of numerous species over a distance of 
approximately 130 mi. has been shown for Alaska, 
greater differences occured in the alpine tundra in 
a distance of less than 100 ft in late snowbank plant 
communities (Billings & Bliss 1956). A similar situa- 
tion was found in the Umiat area; however the snow- 
banks were smaller in the Arctic, and as a result, 
melt occurred earlier in the growing season. 

Most species at a given location appear to break 
dormancy, bloom, and fruit together. These same 
species show different phenological cycles in other 
microenvironments. This has been reported also for 
northeastern Greenland by S¢grensen (1941). He 
states that, “. . . the vegetation types are to a great 
extent delimited phenologically.” Thus it seems that 
the seasonal development of most of the component 
species of a community is largely determined by local 
microenvironments. On the other hand, the possible 
presence of ecotypes and biotypes of these species 
must not be overlooked, especially in late snowbank 
plant communities and in species which range from 
the mountains to the coastal plain in northern Alaska. 


PLANT GROWTH 

Plant growth in both tundras was measured in 
terms of stem elongation and leaf expansion. Al- 
though this may not be the best method for growth 
determinations, it is a very convenient and relatively 
accurate field method. 

In Alaska, all the plant growth measurements were 
confined to the principal species at Base Camp. Both 
stem elongation and leaf expansion data were re- 
corded for 4 species. In addition, stem elongation 
data were obtained for 10 other species (Fig. 9). The 
growth data, degree hours above 32°, and gr eal /em? 
are plotted in 3-day intervals from the black bulb 
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and gr cal/em?/3 day period with stem elongation (s) and leaf expansion (1) for the principal species at 


Umiat, Alaska, 1953. 
leaves per species. 


thermometer at the 4 in. air level and the pyrheliom- 
eter data respectively. 

The leaf expansion data show, with the exception 
of Alnus crispa, that the leaves had attained a large 
fraction of their full size prior to the start of 


Stem elongation data are based upon 3 stems per species and leaf expansion upon 10 


measurements. In general, leaves required 7 to 14 
days to expand; a considerably shorter time than was 
required for the completion of stem elongation. From 
Fig. 9 it is evident that growth rates and patterns 
vary between species even though most of the shrub 
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species began their growth about the same time. Most 
of the buds on the various shrubs were starting to 
swell when observations began on June 10. Stem 
elongation for several of the herbaceous species be- 
gan several days earlier, thus their total growth to 
date was totalized and recorded as of June 10. 

Growth rates varied within a species as well as 
between species. Alnus crispa buds on the south 
side of one of the clumps broke dormancy and began 
to expand leaves 6 days before buds started to grow 
on the north side of the same clump. Stem elongation 
on the north side of the same clump continued for 
16 days after the cessation of growth for several 
stems on the south side. Variations in length of 
growth period were less pronounced in other species. 

Mean three-day growth rates for several species 
are as follows: Alnus crispa, 0.37 em; Salix richard- 
sonii, 0.50 em; Ledum palustre ssp. decumbens, 0.13 
em; Vaccinium vitis-idaea ssp. minus, 0.07 em; and 
Arctagrostis latifolia, 2.50 em. Although the growth 
rates are different in each species, as well as different 
for each individual of a species, in general there is 
an increase and a decrease in growth in most species 
which show some degree of correlation with degree 
hours above 32°. The degree hours, in turn, are 
largely influenced by the total gr cal/em? (Fig. 9). 

In the alpine tundra, plant growth data are pre- 
sented for the 4 stations for 1954 and 1955 (Figs. 10 
& 11). Stem elongation and leaf expansion vary for 
each species as in Alaska. Herbaceous species started 
growth before the woody plants and frequently com- 
pleted their growth at an earlier date. Growth rates 
also varied from one year to the next with total 
growth for several species greater in 1955, while others 
produced more stem elongation in 1954. Average 
stem elongation for Carex drummondiana in 1955 was 
5.3 em at the south slope station (10) and only 2.3 
em at the Ridge Station (11). A corresponding re- 
duction in the number of plants flowering and the 
setting of seed for several species was also found at 
the Ridge Station. These reductions in plant develop- 
ment appear to be in response to the more severe 
microenvironment of the Ridge Station. 

Salix planifolia var. monica and S. brachycarpa 
leaves required 7 to 14 days for full expansion in 
1955 while stem elongation for the same species re- 
quired approximately 36 days regardless of station 
location. Fully expanded leaves of Salix brachycarpa 
showed less variation in size at Stations 10 and 12 
environment than total amount of stem elongation 
that leaf size is more constant and less affected by 
different locations as well as for different years. 

Table 10 summarizes the mean total stem growth 
and number of leaves produced by the various shrub 
species in both Wyoming and Alaska. The Wyoming 
data are based upon the measurement of 25 stems, 
while in Alaska only 3 stems were measured. The 


total stem elongation for Salix brachycarpa was 28% 
greater on the south slope than on the north in 
1955, although the average number of leaves per 
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stem was the same. All the plants measured showed 
a greater variation in length of new stem growth 
than in the number of leaves produced per stem. 
Thus it appears that the length of internodes is large- 
ly governed by the physiological activity of the plant 
as affected by the environment, while the number of 
leaves per stem is pre-determined for each species 
either genetically or as a result of the previous year’s 
environment. 


TABLE 10. Average total stem elongation and number 
of leaves per stem for various species in the aretie and 
alpine tundra. Alpine data based upon 25 measure- 
ments per species; Arctic data on 3 measurements per 
All measurements are in em. 
































species. 

} 1953 Arctic TUNDRA 

Species | | 

| . Stem No. 

| Station | Length | Range | Leaves | Range 
Alnus crispa........... 1 | 61 |5.2-7.7| 3 3 
Betula nana ssp. ezilis..... 1 | 2.5 1.4- 3.8 6 4-8 
Saliz pulchra.............. ie 7.5 | 7.4- 7.8 7 4-8 
Saliz richardsonii.......... | 1 7.1 |6.9-8.1] 10 7-12 
Vaccinium uliginosum........| 1 | 2.1 | 1.22.7 8 6-9 

| 

1955 ALPINE TUNDRA 
Arctostaphylos uva-ursi...... 12 1.3 0.3- 2.3 7 4-12 
Saliz brachycarpa......... | 10 4.7 2.0-12.0 8 6-10 
Saliz brachycarpa........ sof) 8 3.4 | 1.4- 7.5 8 6-10 
Saliz planifolia var. monica... .| 9 3.0 0.8- 4.5 8 6-9 
Vaccinium scopulorum..... 9 0.9 | 0.4- 1.5 5 4-7 





Age and stem diameter of several shrub species and 
Picea engelmanni krummholz were determined at the 
various alpine stations. Salix brachycarpa stems 0.5 
to 1.0 em in diameter ranged in age from 15 to 23 
years while one stem of Arctostaphylos uva-ursi 0.5 
em in diameter was 20 yr old. One stem of Picea 
engelmanni on the south slope was 137 yr old and 9.0 
em in diameter while a similar stem on the north slope 
was 108 yr old and only 3.2 em in diameter. These 
data illustrate the extremely slow rate of growth for 
all species. Spruce krummholz, though long-lived, is 
especially slow growing in these habitats which are 
so near the climatic upper limit of the species. 

Total plant production was briefly investigated in 
both tundras. The data are based upon the mean of 
two oven dry samples from 1 sq m quadrats clipped 
at the end of the growing season and include only 
plant material of the current year. Plant production 
at Umiat averaged 59.7 gr/m? while in Wyoming 
production ranged from 26.7 gr/m? at the Ridge 
Station (11) to 112.4 gr/m? at the Wet Meadow Sta- 
tion (9). Production on the south slope (10) was 
112.0 gr /m? and 44.8 gr/m? on the north slope (12). 
These results are too fragmentary to draw any com- 
parisons of plant production in the arctic and alpine 
tundra, but the Wyoming data for 1955 do give a 
fairly reliable indication of the total plant cover and, 
as a result, total plant growth at the various alpine 


stations. 
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Fig. 10. Comparison of degree hours above 32° F for 4 in. air and —4 in. soil temperatures with stem 
elongation (s) and leaf expansion (1) for the principal species at the Wet Meadow, South-facing, and 
North-facing Stations in the alpine tundra, 1954. Stem elongation data are based upon 3 stems per species 
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except willows where 10 stems were measured. Leaf epecies. 

The root habits of some of the principal species 
were investigated near Station 1 at Umiat. Root po- 
sitions are based upon the examination of at least 
10 specimens of each species. Root systems were 
extracted using two methods: (1) by the removal of 
a block of soil and the careful extraction of the de- 


ROOT DISTRIBUTION 
The distribution of roots within the soil gives some 
indication of the soil environment. It was thought 
that a study of root habits might yield not only data 
on root positions but also some idea of root growth 


“ates. 





October, 1956 
sired root system and (2) by following along rhi- 
zomes to the position of adventitious roots, around 
which excavations were made. The abundance of 
peat in the top 10 to 15 em made the removal of liv- 
ing roots very difficult. 

Root systems of 13 species were examined. These 
may be classified into two general groups: (1) those 
with rhizomes from which shallow adventitious roots 
arise and (2) those with primary or adventitious roots 
which penetrate the soil and peat to greater depths. 
The first group includes all the shrubs examined, while 
the second group is composed of grasses and sedges. 

The shrubs can be further subdivided into a taller 
group (Alnus crispa, Betula nana ssp. exilis, Salix 
pulchra, and S. richardsonit) which have rhizomes 
0.5 to 1.5 m in length and the dwarf heath shrubs 
(Vaccinium vitis-idaea minus, V. uliginosum, 
Ledum palustre ssp. decumbens, Empetrum nigrum, 
and Rubus chamaemorus with rhizomes 30 to 60 em 
in length. In both groups, the rhizomes were in 
general, confined to the contact area between the moss 
mat (3 to 8 em) and the peaty soil below. One un- 
usually long, living rhizome of Alnus crispa measured 
over 2 m in length. Cannon (1949) reports that 
primary roots are positively geotropic, while ad- 
ventitious roots are more strongly influenced by other 
environmental factors. 

In many eases, as the decumbent stems grow in 
length, they are covered with mosses. These covered 
stems thus become rhizome-like, producing adventi- 
tious roots at varying intervals. Many of the rhi- 
zomes, while of considerable length, appear to produce 
relatively few roots per year. 


ssp. 


The depth of the rhi- 
zomes below the surface was quite uniform, for they 
paralleled the surface topography rather closely. 
During one dry period when the moss mat dried out 
considerably, many root tips dried up for they were 


shallowly rooted. These findings agree with those 
of Holm (1922) who reported creeping rhizomes on 
many plants in northern Canada and Alaska. Trap- 
nell (1933) and Holttum (1922) discussed long hori- 
zontal rhizomes for numerous shrub species in Green- 
land. 

The second group with deeper penetrating roots 
includes: Carex aquatilis, C. bigelowii, Eriophorum 
vaginatum ssp. spissum, and Arctagrostis latifolia. 
All of these species have long slender roots, which 
grow down following the retreat of the permafrost 
table at least during the early part of the summer. 
This rate of root growth was observed especially in 
Eriophorum vaginatum ssp. spissum and Arctagrostis 
latifolia, for the roots follow within 0.5 to 1.5 em of 
the retreat of the permafrost table. These roots were 
actively growing in a soil environment with a tempera- 
ture between 32° and 34° 

The root habits of some of the alpine tundra plants 
in the central Rocky Mountains are quite well-known 
(Holeh et al. 1941, Daubenmire 1941). Daubenmire’s 
study was made in the same area as the present work. 
These studies were supplemented in the present work 
by additional excavations of some of the same species 
as well as additional ones. 
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While many of the alpine species have rhizomes, 
their lateral extent is much more restricted than in 
the arctic species examined. Arenaria obtusiloba, 
Trifolium parryi, Potentilla diversifolia, Geum turbi- 
natum, and Carex drummondiana have short rhizomes 
from which long roots may extend to considerable 
depths. In excavation Carex 
Geum turbinatum roots were found to a depth of 
0.8 m. Phlox caespitosa, Silene acaulis, and Parony- 
chia pulvinata also have deep penetrating roots. 
Species with more extensive rhizomes but shorter 
roots include: Achillea lanulosa ssp. alpicola, Artemis- 
ia scopulorum, and Vaccinium scopulorum. Salix 
planifolia var. monica and S. cascadensis have ex- 
tensive rhizomes up to 1 m in length, from which arise 
adventitious roots which penetrate to a depth of 8 
to 13 em. Carex scopulorum has short rhizomes from 
which roots extend to a depth of about 30 em. Carex 
aquatilis has a root development similar to that found 
at Umiat. This species was growing in an area with 
frozen ground below the surface until mid-July at the 
alpine Wet Meadow Station. Although not enough 
observations were made to allow conclusive statements, 
it appears that the roots of this species do not follow 
the retreat of the frost as rapidly in Wyoming as in 
Alaska. 

In the alpine fell-field, fibrous root systems were 
observed in Poa rupicola, Calamagrostis purpuras- 
cens, and Trisetum spicatum. Most of the roots of 
these species were no deeper than 30 em, which cor- 
responds to general observations on Trisetum spica- 


one elynoides and 


tum, Calamagrostis purpurascens, and several other 
grasses in Alaska. 

While rhizomes are found on many plants in both 
the arctic and alpine tundras, the adventitious roots 
of the arctic plants tend to be very short and fre- 
quently parallel the rhizomes, while the alpine species 
in general have long adventitious roots which pene- 
trate to considerable depths. The adventitious roots 
of the arctic plants are short-lived, many living for 
only one year, while many of the adventitious roots 
of the alpine species appear to live as long as the 
plants. Many of the arctic heath species seem to 
propagate almost entirely by this vegetative means, 
for no seedlings of the common heath species were 
found. Many times, what appeared to be seedlings 
were only small aerial shoots at the ends of extensive 
rhizomes. However, in the alpine tundra, while vege- 
tative propagation from rhizomes does occur, many 
small seedlings were found. In addition, germination 
studies on seed of the principal species in both regions 
gave higher germination percentages for the alpine 
species. Thus it seems that at least in the Wyoming 
alpine tundra, vegetative propagation may be less 
important than reproduction from seeds. 


INTEGRATION 
RELATIONSHIPS BETWEEN PLANT GROWTH AND 
MICROENVIRONMENTS IN THE AroTIC TUNDRA 
Microenvironmental structure, vegetational compo- 
sition, and plant development have been described in 
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the arctic and alpine tundras. It is the purpose of 
this section to integrate these factors wherever possi- 
ble, and to compare and contrast them in the two 
tundra locations. 

Of the environmental factors affecting growth 
rates of the various species at Umiat, it seems that 
soil and air temperature are most influential. At 70° 
N latitude, daylight is continuous from mid-May to 
the latter part of July, the period during which most 
of the plant growth occurs. Although precipitation is 
low throughout the summer and greatest in August 
after growth has ended, soil moisture is seldom critical 
because of the high soil moisture maintained by the 
impermeability of the underlying permafrost. As 
the active layer increases in depth, the released water 
drains downslope through the active layer, but soil 
moisture probably becomes critical only where the 
active layer is of considerable depth on ridges, steep 
slopes, stabilized dunes, river gravels, and alluvial 
deposits where drainage is excellent. The abundance 
of cloudy days with frequent mist maintains a rela- 
tively low atmospheric vapor pressure deficit through- 
out much of the summer. Thus, atmospheric moisture 
with its effect on transpiration rates is probably 
seldom critical, assuming that water uptake by these 
arctic species is not too greatly reduced in the low 
temperature environment of the soil. 

Sgrensen (1941) stated that plant growth in north- 
east Greenland did not begin until almost the same 
time as the mean daily soil surface temperature 
passed 32°. Night temperatures at that time were 
still well below freezing, but these seemed to have no 
damaging effect upon the plants. In Alaska, air 
temperatures were not recorded early enough in May 
to establish the time of crossing the 32° threshold, 
nor were growth observations started early enough 
to determine the degree of correlation. Plant growth 
had begun for several species before June 10 as in- 
dicated in Figure 9. Stem elongation did not begin 
for many of the species until June 15 to18. This may 
be correlated with the necessity of a higher tempera- 
ture threshold for the breaking of dormancy in these 
particular species. Bruggemann & Calder (1953) 
reported conspicuous grouping of first flowering dates 
for several species around dates preceded by un- 
usually warm weather at Alert, Ellesmere Island 
(82° 30’ N). 

The controlling effect of higher temperature near 
the surface of the ground upon growth is clearly 
shown for Alnus crispa which leafed out 2 to 4 days 
earlier at the base of a clump than at the top of the 
same clump (1 m). The start of leaf expansion oc- 
curred 6 days earlier on the south side than on the 
north of the same clump at Umiat. This was fre- 
quently observed in other alder clumps and to a 
lesser degree with other associated species at the base 
of these clumps. 

Black bulb air temperature at 4 in. and soil tem- 
perature at —4 in. have been correlated with rates of 
plant growth and analyzed statistically using orthog- 
onal polynomials. The results indicate that the 
growth rates of 8 of the 14 species show a significant 
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degree of correlation at the 5% level with air tempera- 
ture. Four of the 6 species which have no significant 
degree of correlation are slow-growing chamaephytes 
in which measureable growth rates on a 3-day basis 
were very small. Eight of the 14 species also show 
a significant degree of correlation between soil tem- 
perature and growth rates, although the species were 
not always the same ones as in the first comparison. 
Seven of these 8 species show a highly significant 
correlation (at the 1% level). All 6 of the species 
which show no correlation between soil temperature 
and rates of growth are slow-growing chamaephytes. 
The effect of higher temperature levels earlier in 
the summer is shown by the advanced and more rapid 
phenological development of the plants on the outer 
south slope (Station 2) as compared with the north 
slope (Station 4), as well as between the Mountain 
Station (6) and the Coastal Plain Station (8). 

The correlation of plant growth with both air and 
soil temperatures is especially well shown in Arcta- 
grostis latifolia. This species grew for more than 60 
days—a period of considerable temperature fluctua- 
tion (Fig. 9). Growth rate as expressed in 3-day 
periods also increased and decreased with the corre- 
sponding temperature changes. All of the other 
species grew for a considerably shorter period of 
time; however, most of them grew most rapidly from 
June 21 to 27, a period of relatively high temperature. 
Stem elongation again increased in several of the 
species on July 12 and July 21 to 24, periods of rela- 
tively high temperature. The marked increase in 
stem elongation in some species during these periods 
indicates a response to higher temperature while the 
lack of any marked increase in growth in other species 
shows that temperature is not the only factor con- 
trolling the rates of growth. Several species were 
ending their growth for the summer during the period 
when both air and soil temperature were at a high 
level. Each species has its own genetic tolerances 
which to a large degree control the physiological re- 
sponses that result from environmental factor in- 
fluence. Thus, the various species appear to end 
growth at a time which seems to be quite independent 
of temperature. Although soil and air temperature 
show the best degree of correlation with growth rates 
for the various species, all of the environmental fac- 
tors are important in regulating plant growth and 
development. 


RELATIONSHIP BETWEEN PLANT GROWTH AND 
MICROENVIRONMENTS IN THE ALPINE TUNDRA 


Although plant growth rates were measured at all 
4 alpine stations, statistical correlations between 
growth and temperature were made only with data 
from the Wet Meadow Station, for more data were 
gathered here and this habitat was most comparable 


to the Umiat Base Camp Station. The data for 1954 
show a significant degree of correlation between the 
growth of Salix planifolia var. monica and both soil 
and air temperature. Soil temperature was also sig- 
nificantly correlated with the growth of Pedicularis 


groenlandica and Sedum rhodanthum. Of the f 
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species measured in 1955, only Salix planifolia var. 
monica showed a significant correlation with air 
temperature. This should not be interpreted to mean 
that temperature has no effect upon growth rates, but 
that in these alpine plants, growth fluctuations did not 
correspond to temperature fluctuations. 

Of the other environmental factors, day length 
reaches its maximum of approximately 15 hr on June 
21 and by August 1 has decreased to approximately 
13 hr and 45 minutes. Soil moisture is continuously 
at a high level at this station during the growing 
season. Therefore, soil drought cannot be limiting 
here although it may be at the fell-field stations. Pre- 
cipitation was unusually low in 1955 during late 
June and early July. During this same period, vapor 
pressure deficit and winds were relatively high. This 
may have increased transpiration rates sufficiently so 
that the water balance within the plants became criti- 
eal, especially in the fell-field although no signs of 
wilting were observed. 

As in the Arctic, growth of at least some species 
began before observations started, thus no correlation 
between the start of growth and the 32° threshold 
of the soil surface can be made. As with each of 
the arctic species, each alpine species has its own 
growth rate. The plants appear to end growth re- 
gardless of prevailing temperature levels. This is 


the result of physiological responses that are in- 
fluenced by both genetic tolerances and environmental 
factors. 

Plant growth began approximately one week later 
in 1955 than in 1954 and the entire sequence of 
phenological development was slower including flower- 


ing, setting of seed, and start of fall coloration. 

As in Alaska, leaf expansion of the shrubs was 
completed in a much shorter period of time than re- 
quired for stem elongation. It was found that stem 
elongation of Salix brachycarpa was greater on the 
lee side of clumps, especially on those branches near 
the ground. Numerous shoots on the windward side 
of the clumps as well as the tallest ones were observed 
to dry out and die in the middle of the growing season. 
The breaking of dormancy of many of the Salix 
brachycarpa shrubs occurred 1 to 3 days earlier on 
those branches adjacent to rocks in contrast to 
branches on the same shrubs several inches away. 
This same phenomenon was observed with species 
growing in slight depressions where daytime tempera- 
tures were several degrees higher and where there 
was some protection from the wind. 

Growth measurements of Carex drummondiana at 
the South, Ridge, and North Slope Stations in 1955 
show that growth was twice as great on the north 
and south slopes as compared with the windy and 
dry ridge. Surface and —4 in. soil temperatures 
were highest on the ridge along with the highest wind 
velocities. Soil moisture was correspondingly lowest 
on the ridge. This set of factors may very well ex- 
plain the lower growth forms of several of the 
species on the ridge, in addition to the much reduced 
level of flowering and seed production. 

Through measurements of total stem elongation and 
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leaf expansion, it seems that internode length varies 
much more than the number of leaves per shoot. 
This seems to indicate that stem elongation is in- 
fluenced by physiological activity of the plant as 
affected by the environment, while the number of 
leaves may be genetically determined for each species. 


CoMPARISON OF ARCTIC AND ALPINE MICROENVIRON- 
MENTS AND PLANT DEVELOPMENT 

In northern Alaska, the confinement of Pleistocene 
glaciation to the Brooks Range has enabled both the 
vegetation and the soils on the Arctic Slope to de- 
velop over a much longer period of time than those 
in the alpine tundra of the Snowy Range of Wyom- 
ing, where Pleistocene alpine glaciation was extensive. 
The softer sedimentary rocks in the Arectie Foothill 
Province in Alaska have weathered into much deeper 
and more mature soils than in Wyoming where re- 
sistant quartzite predominates. 

Although permafrost was not encountered in the 
alpine tundra, congeliturbation processes were repre- 
sented by small solifluction slopes, stone nets, and 
soil polygons. All of these features were found in 
northern Alaska in addition to depressed-center and 
raised-center polygons. The lack of permafrost in 
upland fell-field areas in the alpine area resulted in 
much drier soil conditions throughout the summer. 
Summer precipitation in both regions was low, but 
the release of water from the retreating permafrost 
table provided water for plant growth throughout the 
growing season in Alaska. This resulted in satu- 
rated soil with resultant poor aeration and low tem- 
peratures in many places. However, the sorting out 
of ecotypes by the environment results in well-de- 
veloped arctic plant communities. Only in alpine wet 
meadows and bogs were soil water relationships com- 
parable to the majority of the arctie habitats in 
northern Alaska. In contrast, alpine fell-field soils 
were well-drained after the snow-melt was over. The 
seemingly unfavorable soil environment in the Arctic 
was reflected in the root habits of many of the species. 
While some of the grasses and sedges have roots that 
follow the retreat of the permafrost table, most of 
the shrubs including the dwarf heath shrubs have ex- 
tensive horizontal rhizomes from which short adventi- 
tious roots arise, seldom penetrating below 10 to 15 
em. In contrast, alpine fell-field plants have deeper 
penetrating primary and adventitious roots. Rhi- 
zomes, while present in some of the alpine species, 
were usually shorter than in the arctic species. Vege- 
tative propagation from these extensive rhizomes in 
the Arctic also seems to be more important than in 
the alpine tundra. 

Although daily totals of solar energy were esti- 
mated to be only a little higher in the alpine tundra 
due to frequent cloud cover and the complete lack of 
insolation during the night, light intensity during the 
day was considerably higher than in northern Alaska. 
Ultraviolet radiation at high elevations in Wyoming 
is much greater than in the Arctic, for under similar 
atmospheric conditions in midsummer, the intensity 
of solar radiation in different latitudes is dependent 
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upon angle of incidence (Koller 1952). Thus, the 
greater angle of incidence and thinner atmosphere in 
Wyoming during the summer correspondingly in- 
crease the intensity of solar radiation including ultra- 
violet over that received in the Arctic. Continuous 
daylight in northern Alaska from May 17 to July 25 
was in contrast to the Snowy Range alpine tundra 
where maximum day length was only 15 hr. The 
resulting effects of photoperiod upon time of flower- 
ing and the physiological changes that precede leaf 
fall and dormancy may be very different in the two 
tundras. 

Weekly march of air temperature was much more 
pronounced in Alaska than in Wyoming, and was thus 
much more directly correlated with day length and 
hours of insolation. Mean weekly temperatures fluc- 
tuated much more in Wyoming, although in both 
regions maximum summer temperatures were recorded 


in July. 
Temperature gradients in the microclimate of both 


tundras were of the same type. Daytime tempera- 
tures increased toward the surface with the highest 
temperatures recorded at the surface. At night the 
inversion type developed. In contrast to many micro- 
climatic studies in mid-latitudes, the inversion type 
cradient was not found on the north slopes in either 
tundra region during the day. This may result from 
their northeast exposure and gentle slope. 

Mean monthly air temperatures at 4 in. were 3 to 
6° higher in June in Alaska than in Wyoming. July 
and August mean air temperatures were 2 to 5° 
higher in the alpine area. Mean surface tempera- 
tures were also higher in the Arctic during June but 
lower in July and August. In the Arctic the higher 
air and surface temperatures in June may be due in 
part to the earlier melt of snow and the effect of con- 
tinuous insolation. Mean monthly temperatures at 
—4 in. were in general 7 to 10° higher in Wyoming, 
with the exception of the outer south-facing slope in 
Alaska. Temperatures there were usually higher 
than on the south-facing slope in Wyoming. Soil 
temperatures on the second south slope (Station 5), 
however, were considerably lower than the Wyoming 
soil temperatures. At Umiat Base Camp, the tempera- 
ture never rose above 34° at —12 in. and 32° at —24 
in. In general, diurnal temperature range was greater 
in Wyoming than in Alaska at all measured levels. 

The combination of higher air and much higher 
soil temperatures, along with greater depth of winter 
snow cover and nonsaturated soil during the summer, 
account in part for the great difference in vegetation 
on the steep outer south-facing slope as compared 
with the other Alaskan transect stations. Relatively 
tall willows along with grasses and legumes predomi- 
nated there on the steep south slope while cottongrass 
and heath species dominated on the other slopes re- 
gardless of exposure. It thus appears that gentle 
north and south slopes near Umiat support the same 
types of plant communities, though there is some 
shift in species importance, for their respective micro- 


environments are quite similar. Steep south-facing 
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slopes are very different in plant communities and 
microenvironments, 

In the alpine tundra, air, surface, and soil tempera- 
tures were higher in the fell-field and lower in wet 
meadow areas. This is in part due to cold air drain- 
age into lowlands at night and the lowering of tem- 
perature by evaporation from the constantly saturated 
lowland soils. The two major habitat types support 
completely different vegetation as a result. 

In both regions, night temperatures at 4 to 12 in, 
dropped well below freezing on occasion, but there 
seemed to be little or no effect upon the plants. The 
temperature fell to 25° one night in the alpine tundra. 
This broke many of the atmometer bulbs, but the 
plants, though in bloom, showed no damage. Temper- 
atures as low as 20° near the end of the growing 
season in August also showed little if any damaging 
effect on the plants in the two regions. 

Wind velocity was somewhat higher in summer in 
the alpine tundra although in both regions, winds 
blow almost continuously. Ridge Stations in both 
tundras recorded the maximum monthly averages. 

Summer precipitation was low in both regions. 
Winter precipitation in the form of snow was proba- 
bly much higher in the alpine tundra though no data 
were available. The effect of dry winter winds and 
drifting snow in the two environments was at once 
evident by the distribution of woody low shrubs, for 
in both regions they were limited to areas of winter 
snow cover. The abundance of winter-killed branches 
especially in the alpine tundra testifies to the lack of 
winter snow protection in some years. Dry winds 
during the first part of the growing season frequently 
kill many of the young shoots. 

Atmospheric moisture was measured in terms of 
vapor pressure deficit. In general, deficits were great- 
er in the alpine tundra. In both environments, the 
greatest deficits were recorded at the Ridge Stations. 
There was a definite diurnal fluctuation of atmos- 
pherie moisture with little deficit at night in either 
region. 

Plant communities in the two regions differ con- 
siderably. The most important community type in 
the Foothill Province of Alaska is the cottongrass 
tussock community with its associated dwarf heath 
shrubs, sedges, and seattered forbs. The extent of 
this heath-tussock community with the same dominants 
throughout is indicative of a very stable community 
type. Thus it appears that this vegetation is in or 
near equilibrium with both the climatie factors and 
However, less 
Willow, alder, 
and dwarf birch shrubs were found scattered in the 
heath-tussock community, but they reached their best 
development in more protected sites, such as drainage 
In the Arctic, plant 
communities were to a large degree delimited on the 


the various congeliturbation processes. 
stable communities are also present. 


ways where winter snow drifts. 


basis of topographie location and associated soil 
moisture The tallest and most luxuriant 
shrub communities were restricted to steep south-fac- 
The active layer was 


relations. 


ing slopes and river bottoms. 
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of considerable depth in these locations in summer 
and, in addition, there was adequate winter snow 
cover. 

In the alpine tundra, wet meadow or bog com- 
munities were most comparable to those in the Arctic. 
Fell-field vegetation represents part of the succes- 
sional sequence from raw talus slopes to stable alpine 
Climax communities on well-developed soil 
profiles were rare in this range though they were 
found in other ranges of the central Rocky Mountains. 
The most stable alpine meadow community in the 
Snowy Range was dominated by grasses, sedges, and 
forbs with a few scattered dwarf willow shrubs in 
protected sites. Cushion plants were more abundant 
on ridges and in earlier stages of fell-field succession. 
Snow cover in Wyoming was as important in limit- 
ing the distribution of communities and plants as in 
the Arctic while semipermanent snowbanks were a 
much more important part of the alpine environment. 

Percentage of phanerogamic plant cover was similar 
in both regions, although exposed ridges and early 
stages of fell-field succession have only a seant vege- 
tation cover in the alpine tundra. In the Aretie, 
the abundance of lichens and mosses covered much of 
the ground surface between the cottongrass tussocks ; 
thus the over-all vegetation cover was quite complete. 
In the Snowy Range, the only important lichens were 
erustose forms on rocks. Mosses predominated only 
in wet meadows. Thus, over-all vegetation cover was 
less than in the Arctic. With the exception of the 
dwarf alder, birch, and willows, the plant communi- 
ties in the two regions were unistratal. 

From the vegetational analysis, only 1.9% of the 
species were found to be common to the two regions. 
This would be increased to about 8% if all observed 
species were included. This is a much smaller per- 
centage than that found between Colorado Rocky 
Mountains and northern Alaska; however, the Snowy 
Range has a much smaller mountain mass above tim- 
berline and much of this is only quartzite rubble. 
The number of genera common to northern Alask: 
and the Snowy Range as shown by the vegetation 
analysis was also relatively small (20%). Even 
though some of the species are common to the two 
tundras, it is very likely that they are quite different 
ecotypes, for from the above discussion it is evident 
that the environments differ in numerous ways. 

Cushion, or mat-forming plants were very im- 
portant in the alpine tundra but rare in the Aretic¢ 
of northern Alaska. The presence of cushion plants 
belonging to 5 different families in the alpine tundra 
shows the result of parallel evolution. The abundance 
of cushion plants on exposed ridges indicates that 
plants of this growth form are adapted to the severe 
microenvironments of this habitat. 

The low growth form of many of the alpine plants 
has been attributed to a variety of factors including 
low air and soil temperatures and increased intensity 
of ultraviolet. Thick cuticle and abundance of epi- 
dermal hairs are considered by some to be adaptations 
of these alpine plants. Epidermal hairs are abundant 


meadows. 
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on many alpine plants in contrast to Arctic species, 
but the absorption of large quantities of light by these 
hairs and thus a reduction in the amount of light 
reaching the chlorophyll layers as suggested by 
Holeh et al. (1941) is probably no more important 
than reflectance. Billings & Morris (1951) showed 
that relatively high reflectance of visible light was 
with their 
work, reflectance of visible light was found to be 
Although 
reflectance of 


correlated hairy or scaly leaves. In 
greatest in desert and subalpine species. 
no work visible 
light by leaves, it probable that 
many of these plants with hairy leaves would reflect 
much light. Krog (1955) has reported considerably 
higher temperatures in willow catkins with hairs 
as opposed to catkins painted black. He believes 
that the hairs are opaque to long-wave radiation 
directed out from the center of the catkins. 
Thus, the hairs would act as a heat trap and enable 
the catkins to heat sufficiently to develop and bloom 
when air temperatures are still near freezing. This 
may be an important factor in both aretie and alpine 
plants possessing hairs and dark seales, for most of 
these do flower before the other species in both 
regions. However, one might wonder if such hairs 
would not also eut down on the amounts of solar 
radiation absorbed. 


was done on the 


alpine seems 


Cryptophytes and chamaephytes were proportional- 
ly higher in both Alaska and Wyoming in relation to 
the Raunkiaer normal spectrum. Cryptophytes pre- 
dominated in wetter both regions, while 
chamaephytes in Alaska were most important in the 
heath-tussock community. Cushion chamaephytes in 
Wyoming were most abundant on the exposed ridge. 
Hemicryptophytes and nanophanerophytes were im- 
portant on the outer south slope in Alaska where 
there was adequate winter snow cover and much high- 
er surface and soil temperatures in summer. Several 
of the chamaephytes in the Arctic were evergreen 
while only one in the alpine tundra was evergreen. 


areas in 


In both regions nanophanerophytes were quite re- 
stricted in their development and were frequently re- 
duced to chamaephyte status in less protected sites. 

Phenological development of the vegetation in the 
two tundra regions was quite similar even though the 


areas are separated by great latitudinal distance. The 
resultant differences in photoperiod during the grow- 
ing season are very large. This suggests that species 
which are common to both tundras are represented in 
their respective locations by quite different photo- 
periodi¢ ecotypes, or perhaps, they are insensitive to 
photoperiodic differences. There appears to be greater 
phenological variation within 
them. 


“ach region than be- 
tween This variation, which is apparent in 
many species, is due to the variations in microclimates 
which modify the general climate of the short ¢row- 
ing season in each region. Air and soil temperatures 
seem to be of prime importance in this microenviron- 
mental governing of phenology. In both tundras 
cessation of growth appears to be determined by fae- 
tors other than temperature. 
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Growth rates of both arctic and alpine species ap- 
pear to be controlled in some degree by soil and air 
temperature. The degree of correlation is highly 
significant in many of the species. However, each 
species seems to be quite independent of prevailing 
temperature during cessation of growth. This is 
probably due to physiological changes that occur with- 
in the plant during the later part of the growing 
season. Thus, while temperature is of prime im- 
portance, all of the factors must be considered in a 
holocoenotic environment. In addition, genetic po- 
tentials as expressed through physiological responses 
are influential. 

Thus it seems that in comparing these two tundra 
regions, the alpine tundra environment is a more se- 
vere habitat for plant growth. Growing season 
measurements of wind, vapor pressure deficit, and 
solar radiation including ultraviolet are greater in 
Wyoming, while soil moisture is usually lower after 
the melt of snow. A further indication of this is 
the smaller alpine growth form of several of the 
species common to these areas. However there are 
great similarities in the general physiognomy of the 
vegetation even though the two regions are separated 
by great distances with the Arctic located near sea 
level at approximately 70° N while the alpine tundra 
is at 11,000 ft at 41° N. 

This, however, does not imply that all alpine en- 
vironments are more severe than all arctic environ- 
ments or that alpine plants are all smaller than their 
arctic counterparts, for the High Arctic has a more 
severe environment than the Low Arctic. The sparse 
cover of vegetation in the High Arctic as compared 
with the much more luxuriant vegetation in the 
Low Arctie further illustrates the influence of environ- 
ment. A somewhat similar reduction in plant cover 
is found with increasing elevation in the alpine zone 
of the higher mountains. 

Although data have been presented which show 
certain differences and similarities between these two 
regions, the data are for only two limited areas with- 
in these extensive regions and for only three growing 
seasons. Thus, they must not be interpreted as being 
descriptive of the entire geographic extent of each 
region. 

An understanding of the relationships between 
arctic and alpine tundras will be much more complete 
after comparative genetic, cytological, and physiologi- 
cal studies of species common to the two regions have 
been made. Such studies including transplant ex- 
periments would shed much light upon the relation- 
ship of supposedly single taxa such as Silene acaulis, 
Oxyria digyna, Polygonum viviparum, Carex aquatil- 
is and numerous others. 


SUMMARY 
1. A comparative study was made of microen- 
vironments, rates of plant development, and vegeta- 
tional structure in the arctic tundra of northern 
Alaska and in the alpine tundra of the Snowy Range 
in the Medicine Bow Mountains of Wyoming. Wher- 
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ever possible, the same types of instruments and 
methods were employed. 

2. The geology of the Foothill Province in north- 
ern Alaska is characterized by Appalachian-type fold- 
ing of lower and Upper Cretaceous sedimentary rocks. 
Massive metaquartzite rocks of Pre-Cambrian age 
predominate in the Snowy Range. There is no evi- 
dence of Pleistocene glaciation in the Foothill Prov- 
ince of Alaska, while the Snowy Range was extensive- 
ly glaciated. 

3. Soils of the Wet Tundra group predominate in 
northern Alaska while youthful fell-field soils are 
most abundant in the Snowy Range. Organie soils 
are found in wet meadows in both regions. 

4. Eight microenvironmental stations were operated 
in the Arctic and 4 in Wyoming. These stations were 


set up on various exposures in the two tundras. 

5. Environmental factors measured in both regions 
included: solar radiation, air, surface, and soil tem- 
peratures, precipitation, vapor pressure deficit, wind, 


and soil moisture. 

6. Air temperature gradients in both tundras were 
similar with higher temperatures at the surface dur- 
ing the day and with the inversion type at night. 
Soil temperatures decreased more rapidly below the 
surface in the arctic than in the alpine tundra. 

7. Growing season measurements of wind, vapor 
pressure deficit, 4 in. air, surface, and 4 in. soil tem- 
peratures, and solar radiation were in general great- 
er in Wyoming than in Alaska. Soil moisture was 
lower in the alpine tundra with the exception of wet 
meadows where the soil was constantly saturated, as 
in Alaska. Amounts of summer precipitation were 
similar in both regions, although winter snow accumu- 
lation was greater in Wyoming. 

8. Congeliturbation processes are evident in both 
tundras though permafrost was not encountered in 
the alpine tundra. Seasonal increase in the depth 
of the active layer was measured under various cover 
types in Alaska. Cross-sections of soil polygons and 
a stone net were described in Wyoming. 

9. The vegetation at each station was sampled by 
means of the line intercept method using one 20 m 
line at each station. From the data, density, fre- 
quency, and dominance (cover) were caleulated and 
combined into a DFD index for each species. While 
8 species and 15 genera were found to be common to 
both regions, only 2 species and 12 genera were com- 
mon to the sampled lines in both tundras. 

10. Heath species, lichens, and mosses were very 
important in the Arctic, but rare in the alpine tundra. 
Sedges were important in the vegetation of both re- 
gions. The physiognomy of the vegetation in the two 
tundras was very similar. Most of the plants were 
under 25 em in height with the exception of dwarf 
shrubs growing in protected sites where they were 
snow-covered in winter. 

11. Life-form spectra were constructed based upon 
vegetational composition. In both regions, erypto- 
phytes and chamaephytes predominate to a greater 
extent than in the Raunkiaer normal spectrum. Nan- 
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ophanerophytes are frequently reduced to the 
chamaephyte status in less protected sites in the two 
tundras. 

12. Phenological events of the dominant species 
were followed throughout the growing season at each 
station. It was found that most of the species at a 
given location appear to break dormancy, flower, and 
fruit together. A species may show different cycles 
of development in other microenvironments since the 
same species on north and south slopes has different 
rates of development. Thus, it appears that the 
seasonal development of most of the component 
species of a community is largely determined by local 
microenvironments. 

13. Plant growth in both regions was measured in 
terms of stem elongation and leaf expansion. Stem 
elongation for 8 of the 14 species measured in the 
Arctic was significantly correlated with soil and air 
temperatures. The degree of correlation of stem 
elongation with air and soil temperatures was much 
lower for the alpine species. 

14. Each species seems to be quite independent 
of prevailing temperature during cessation of growth. 
This is probably the result of physiological changes 
that oceur within the plant during the later part of 
the growing season. 

15. Plants with long, shallowly rooted rhizomes 
were important in the Arctic, while plants with deeper 
penetrating roots predominated in the alpine tundra. 
In Alaska, the roots of Arctagrostis latifolia and 
Eriophorum vaginatum ssp. spissum followed within 
0.5 to 1.5 em of the retreat of the permafrost table. 
These roots were actively growing in a soil environ- 
ment with temperatures between 32 and 35° F. 

16. On the basis of this study, it is believed that, 
in general, the alpine tundra of the Snowy Range of 
Wyoming represents a more severe environment for 
plant development than the arctic tundra of north- 
ern Alaska. This is largely the result of greater wind, 
vapor pressure deficit, surface soil temperature, ultra- 
violet radiation, and lower soil moisture levels in the 
alpine tundra as compared with northern Alaska. 
Greater diurnal temperature fluctuation is also a 
strong factor in the alpine tundra. The smaller and 
more scattered plants of the alpine tundra reflect this 
greater environmental stress. Many of these may be 
genetic ecotypes whose dwarf nature is the result of 
natural selection by the severe environment. 


LITERATURE CITED 
American Nautical Almanac. 1953. U. 8S. Naval Ob- 
servatory, Washington. 
Anderson, D. B. 1936. Relative humidity 
pressure deficit. Ecology 17: 277-282. 
Andrews, A. L. 1940. List of the North 
species of Sphagnum. Bryologist 43: 132. 
Archard, H. 0. & M. F. Buell. 1954. Life-form spectra 
of four New Jersey pitch pine communities. Torrey 
Bot. Club Bull. 81: 169-175. 
Bauer, R. L. 1943. The statistical analysis of chaparral 
and other plant communities by means of transect 
Ecology 24: 45-60. 


or vapor 


American 


samples. 


A COMPARISON OF PLANT DEVELOPMENT 


335 


Baum, W. A. 1949. On the relation between mean 
temperature and height in the layer of air near the 
ground. Ecology 30: 104-107. 

Billings, W. D. 1952. The environmental complex in re- 
lation to plant growth and distribution. Quart. Rev. 
Biol. 27: 251-265. 

— & L. C. Bliss. 1956. Plant growth and net plant 
production as related to snowbank retreat in an alpine 
tundra (Mss.). 

—— &R. J. Morris. 1951. Reflection of visible and 
infrared radiation from leaves of different ecological 
groups. Amer. Jour. Bot. 38: 327-331. 

Black, R. F. 1950. Permafrost—a review. 
Amer. Bull, 65: 839-856. 

1951. Graphs for visual comparison on several 
factors in heat exchange near Barrow, Alaska. Geol. 
Soc. Amer. Bull. 62; 1546-1547. 

— . 1954. 
than recorded. 
203-206, 

— & W. L. Barksdale. 1949. Oriented lakes of 
northern Alaska. Jour. Geol. 57: 105-118, 

Blackwelder, E. 1926. 
Medicine Bow Mountains. 
615-658, 

Bliss, L. C. & J. E. Cantlon. 1956. Plant succession on 
river gravels in northern Alaska (Mss.), 

Bouyoucos, G. J. 1936. 
cal analyses of soils by the hydrometer method. 
Sci. 42; 225-230. 

1949. 
tinuous measurement of soil 
Soil Sei, 67: 319-330. 

Braun-Blanquet, J. 1932. Plant Sociology (translated 
by Fuller and Conard) New York: McGraw-Hill Book 
Co. 439 pp. 

— &H. Jenny. 1926. Vegetations-Entwicklung und 
Bodenbildung in der Alpinen Stufe der Zentralalpen. 
Neue Denkschr. Schweiz. Naturf. Ges. 63 (2): I-VIII, 
183-349. 

Bruggemann, P. F. & J. A. Calder. 1953. Botanical in- 
vestigations in northeast Ellesmere Island, 1951. Canad. 
Field Nat. 67: 157-174. 

Bryon, K. 1946. Cryopedology—The study of frozen 
ground and intensive frost-action, with suggestions on 
nomenclature. Amer. Jour. Sci. 244: 622-642. 

Buell, M. F. & R. L. Wilbur. 1948. Life-form spectra 
of the hardwood forests of the Itasca Park region, 
Minnesota. Ecology 29: 352-359. 

Cain, S. A. 1943. 
alpine vegetation in Wyoming. 
240-247. 

1945. 

Great Smoky Mountains National Park. 

Bot. Stud. 7: 1-14. 

1950. Life forms and phytoclimate. 
16: 1-32. 

Cannon, W. A. 1949. A tentative classification of root 
systems. Ecology 30: 542-548. 

Cantlon, J. E. 1953. Vegetation and microclimates on 
north and south slopes of Cushetunk Mountain, New 
Jersey. Ecol. Monog. 23: 241-270. 

Churchill, E. D. 1955. 


Geol. Soe. 


Precipitation at Barrow, Alaska, greater 
Amer. Geophys. Union Trans. 35: 


Pre-Cambrian geology of the 
Geol. Soc. Amer. Bull. 37: 


Directions for making mechani- 
Soil 


Nylon electrical resistance unit for con- 
moisture in the field. 


Sample-plot technique applied to 
Amer. Jour. Bot. 30: 


A biological spectrum of the flora of the 
Butler Univ. 


Bot. Rey. 


Phytosociological and environ- 





336 L. C. 


mental characteristics of some plant communities in 
the Umiat region of Alaska. Ecology 36: 606-627. 

Conover, J. H. 1953. 
gy of the Arctic Slope of Alaska. 
Res. Lab. Tech. Note 100. 

Cooper, W. S. 1908. Alpine vegetation in the vicinity 
of Long’s Peak. Bot. Gaz. 45: 319-337. 

Cox, C. F. 1933. Alpine plant succession on James 
Peak, Colorado. Ecol. Monog. 3: 300-372. 

Curtis, J. T. 1947. The palo verde forest type near 
Gonivaves, Haiti, and its relation to the surrounding 
vegetation. Caribbean Forester 8: 1-26. 

Daubenmire, R. F. 1941. 
the subterranean organs of alpine plants. 
22: 370-378. 

—. 1943. 


A preliminary report on climatolo- 
Boston Univ, Phys. 


Some ecological features of 

Ecology 

Vegetational zonation in the Rocky 
Mountains. Bot. Rev. 9: 325-393. 

Evans, A. W. 1940. List of Hepaticae found in the 
United States, Canada, and Arctic America. Bry- 
ologist 43: 133-138. 

Geiger, R. 1950. The climate near the ground (trans- 
lated by Stewart and others). Cambridge, Mass.: 
Harvard Univ. Press. 482 pp. 

Griggs, R. F. 1934. The problems of arctic vegetation. 
Wash. Acad. Sei. Jour. 24: 153-175. 

_ 1936. The vegetation of the Katmai district. 
Ecology 17: 380-417. 

1940. Timberlines on Mount Washington. 

England Nat. 8: 11-16. 

1946. The 
and their interpretation. 

. 1956. 
Mountain fellfield. 
Grout, A. J. 1940. 


New 


timberlines of northern America 

Ecology 27: 

Competition and succession on a Rocky 

Eeology 37: 8-20. 

List of mosses of North America 
north of Mexico. Bryologist 43: 117-131. 

Hale, M. E., Jr. & W. L. Culberson, 1956. A check list 
of the lichens of the United States, Canada, and Alas- 
ka. Castanea 21: 73-105. 

Hanson, H. C. 1950. Vegetation and soil profiles in 
some solifiluction and mound areas in Alaska. Ecology 
31: 606-630. 

1951. 

and other plant communities in western Alaska. 

Monog. 21: 317-378, 

1953. 
comparisons with communities in 

regions. Ecology 34: 111-140. 
Harrington, H. D. 1954. Manual of the 
Denver, Colorado: Sage Books Co. 666 pp. 


Characteristics of some grassland, marsh, 


Ecol. 


Vegetation types in northwestern Alaska 


and other arctic 

plants of 
Colorado. 

Hayward, C. L. 1952. Alpine biotic communities of 
the Uinta Mountains, Utah. Ecol. Monog. 22: 93-120. 

Holch, A. E., E. W. Hertel, W. 0. Oakes & H. H. Whit- 
Well. 1941. Root habits of certain plants of the 
foothill and alpine belts of Rocky Mountain National 
Park. Ecol. Monog. 11: 327-345. 

Holm, T. H. 


synonymy, 


1922. Contributions to the morphology, 

and geographical distribution of arctic 

Rept. Canadian Arctic Expedition 1913-1918. 

Part B. 

———. 1927. 
the Rocky Mountains’ in 
Mem. 19: 1-45. 


plants. 
Vol. 5. 
The vegetation of the alpine region of 
Colorado. Nat. Acad. Sei. 


Ecological Monographs 
Tol 


> . 
LISS 
B Vol. 26. No. 4 


Holttum, R. E. 1922. The vegetation of West Green- 
land. Jour. Ecol. 10: 87-108. 

Hopkins, D. M. & R. S. Sigafoos. 1950. Frost action 
and vegetation patterns on Seward Peninsula, Alaska, 
Geol. Surv. Bull. 974-C: 51-101. 

Hultén, E. 1937. 
boreal biota during the Quarternary period. 
holm: Bokforlags Aktiebolaget Thule. 168 pp. 

1941-1950. Flora of Alaska and Yukon. 
Univ. Arsskrift N.F. Avd. 2 Bd. 37-46. 

Koller, L. R. 1952. 
John Wiley & Sons. 

Krog, J. 1955. Notes on temperature measurements in- 
dicative of special organization in arctic and subarctic 
plants for utilization of radiated heat from the sun. 
Physiol. Plant. 8: 836-839. 

Lindsey, A. A. 1953. 
in the northern Mackenzie Basin, Canada. 
115: 44-55. 

Little, E. L. 1941. 
Mountain, Arizona. Madrojio 6: 65-81. 

Nichols, G. E. 1934. The influence of exposure to 
winter temperatures upon seed germination of various 
native American plants. Ecology 15: 364-373. 

Nikiforoff, C. 1928. The perpetually frozen subsoil of 
Siberia. Soil Sei. 26: 61-77. 

Payne, T. G. et al. 1951. 
of Alaska. Oil and Gas Invest. 
1. USGS, Washington. 

Polunin, N. 1936. Plant succession in Norwegian Lap- 
land. Jour. Ecol. 24: 372-391. 

1948. Botany of the Canadian Eastern Arctic. 
Part III. Vegetation and Ecology. Natl. Mus. Canad. 
Bull. 104: 304 pp. 

— . 1951. 
limination, subdivision 
Ecol. 39: 308-315. 

1955. 
43: 307-322. 

Porsild, A. E. 1951. Plant life in the Arctic. 
Geogr. Jour. 42: 120-145. 

Raunkiaer, C. 1934. 
tistical plant geography. 

Raup, H. M. 1951. Vegetation 
Ohio Jour. Sei. 51: 105-116. 

Retzer, J. L. 1956. Alpine soils of the Rocky Mountains. 
Jour. Soil Sei. 7: 22-32. 

Richards, L. S. 1941. 
apparatus for soil solution. 

Richmond, G. 1949. 
stripes in the Wind River Mountains, Wyoming. 
Geol, §7: 1438-153. 

Russell, R.S. 1940a. Physiological and ecological studies 
on an aretic vegetation. II. The development of 
vegetation in relation to nitrogen supply and soil micro- 

Mayen Island. Jour. Ecol. 28: 


Outline of the history of arctic and 
Stock- 


Lunds 
1902 pp. 
New York: 


Ultraviolet radiation. 
270 pp. 


Notes on some plant communities 
Bot. Gaz. 


Alpine flora of San Francisco 


Geology of the Arctic Slope 
Map OM 126 Sheet 


The real Arctic: suggestions for its de- 
and characterization. Jour. 


Aspects of Arctic botany. Amer. Sci. 


Canad. 


The life forms of plants and sta- 
London: Clarendon Press. 


and eryoplanation. 


A pressure-membrane extraction 
Soil Sci. 51: 377-386. 

Stone nets, stone stripes, and soil 
Jour. 


organisms on Jan 
269-288. 

1940b. Physiological and ecological studies on 
an arctic vegetation. IIT. Observations on carbon 
assimilation, carbohydrate storage and stomatal move- 
ment in relation to the growth of plants on Jan Mayen 
Jour. Ecol. 28: 289-309. 


1948. The effect of arctic and high mountain 


Island. 





October, 1956 


climates on the carbohydrate content of Ozyria 
digyna, Jour. Ecol. 36: 91-95. 

Rydberg, P. A. 1913. Phytogeographical notes on the 
Rocky Mountain region. I. Alpine region. Torrey Bot. 
Club Bull. 40: 677-686. 

1914. Origin of the alpine flora. 
Club Bull. 41: 89-103. 

Schroeter, C. 1926. Pflanzenleben der Alpen. 
Albert Raustein. 1288 pp. 

Shelford, V. E. & A. C. Twomey. 1941. Tundra animal 
communities in the vicinity of Churchill, Manitoba. 
Ecology 22: 47-69. 

Sigafoos, R. S. 1951. Soil instability in tundra vege- 
tation. Ohio Jour. Sci. 51; 281-298. 

— . 1952. 
in tundra plant communities. 

Solecki, R. S. 1950. 
Arctic Slope of 
469-495, 

Sgrensen, T. 1941. Temperature relations and _ phe- 
nology of the northeast Greenland flowering plants. 
Medd. om Grénland: 125: 1-305. 

Spetzman, L. A. 1951. Plant geography and ecology of 
the Arctic Slope of Alaska. M.S. thesis, Univ. of 
Minnesota, Minneapolis, 186 pp. 

Stern, W. L. & M. F. Buell. 1951. Life-form spectra 
of New Jersey pine barrens forest and Minnesota 
jack pine forest. Torrey Bot. Club Bull. 78: 61-65. 

Stoeckeler, E. G. 1949. Identification and evaluation 
of Alaskan vegetation from airphotos with reference 
to soil, moisture and permafrost conditions. St. Paul, 
Minn.: U. 8S. Army Corps. Eng. 103 pp. 

Taber, S. 1943. Perennially frozen ground in Alaska 


Torrey Bot. 


Zurich: 


Frost action as a primary physical factor 
Ecology 33: 480-487. 
Archeology and ecology of the 
Alaska. Smithsonian Inst. 1950: 


A COMPARISON OF PLANT DEVELOPMENT 


337 
Bull, 54: 


its origin and history. Geol. Soc, Amer. 
1433-1548, 

Tedrow, J. C. F. & D. E. Hill. 
Soil Sci. 80: 265-275. 

1956, 
of Alaska, a pedologie report. 

Trapnell, C. G. 1933. 
Fjord. Jour. Ecol, 21: 294-334. 

U. S. Weather Bureau. 1952. 
mary with comparative 
Weather Bureau, U. 

1955. 


nual Summary. 


1955. Arctic brown soil. 


—_—— Soil characteristics of the Arctic Slope 
(Mss. ) 

Vegetation types in Godthaab 
Local climatological sum- 
data 1952. Umiat, Alaska. 
S. Dept. Comm., Asheville. 


Climatological data for Wyoming, An- 
Dept. 


1954. 
Comm., Chattanooga. 
Wager, H. G. 1938. Growth and survival of plants in 

the Arctic. Jour. Ecol. 26: 390-410. 

Washburn, A. L. 1950. 
Geog. 4: 5-54. 

Whitfield, C. J. 1932. 
tion. I. Pike’s Peak region: Climatic factors. 
Gaz. 93: 436-452. 

1933. The vegetation of the Pike’s Peak region. 
Ecol. Monog. 3: 75-105. 

Wilson, W. J. 1952. Vegetation patterns associated 
with soil movement on Jan Mayen Island. Jour. Ecol. 
40: 249-264. 

1954. 

ditions on 

digyna, 


Weather Bureau, U. 8S. 


Patterned ground. Rev. Canad. 
Ecological aspects of transpira- 
Bot. 


The influence of “midnight sun” con- 
certain diurnal rhythms in Ovxyria 
Jour. Eeol. 42: 81-94. 

Wolfe, J. N., R. T. Wareham & H. T. Scofield. 1949. 
Microclimates and macroclimate of Neotoma, a small 
valley in central Ohio. Ohio State Stud. 8: 
267 pp. 


Univ. 




















LA CELLULE 


Recueil international de Travaux originaux de Cytologie 
Biologie et Histologie générale 
Fondé par J. B. Carnoy en 1884 
Publié par P. Debaisieux et P. Martens, 


professeurs a l’Université de Louvain (Belgique). 


Trois fascicules constituent un tome, généralement annuel, de 400 a 450 
pages in quarto, avec nombreuses planches hors-texte en double page, noires 
ou en couleurs, et des figures de texte. 

Prix de souscription: Frs belges 550, port inclus ($11). 

Tables générales pour les tomes 1-40 (1885-1931) ; 100 pages in 4°; 
prix, séparément: Frs belges 100. Adresser les souscriptions 4 ]’éditeur : 
Librairie Universitaire, rue de la Monnaie, Louvain. 


Pour toute autre communication (rédaction, administration, échanges, 
publicité, ete.) s’adresser au Prof. P. Martens, rue Marie-Thérése, 23 


Louvain, Belgique. 
































Marine Littoral Diatoms of Beaufort, N. C. 
By Friedrich Hustedt pa. $2.25 
A major contribution to this subject by one of the best-known 
workers in the field, this monograph enumerates 369 species and 
19 varieties of diatoms belonging to 63 genera. Included are 
descriptions of 89 species and 4 genera new to science. Sixteen 
pages of plates are devoted to these new species and a few others 
which are of especial interest or a drawing of which is necessary 


for taxonomic discussion. 


DUKE UNIVERSITY PRESS 


Box 6697, CoLLEGE Station Duruam, NortH CAROLINA 












































THE SEEMAN PRINTERY 
INCORPORATED 


Printing : Engraving : Lithographing 
Blank Books 


413 East Chapel Hill Street Durham, N. C. 


PRINTERS IN DURHAM SINCE 












































To sell your back numbers .. . 


The Duke University Press will purchase individual back numbers, long 
runs, and complete sets of the Ecological Monographs. Write to the Sales 
Manager, Duke University Press, Box 6697, College Station, Durham, N. C., 


listing the issues you have and describing their condition. 














| 








GENETICS 
A Periodical Record of Investigations in Heredity and Variation 


Managing Editor: R. ALEXANDER BRINK 
Associate Managing Editor: JAMES F. CROW 


Established 1916. Bi-monthly 


Subscription, $8.00 a year for complete volumes (Jan. to Nov.). Foreign postage, 50 cents additional. 
Single copies $1.50 each, postpaid. As available, back volumes may be had at $14.00 each and single is- 
sues of previous volumes at $2.50 per copy, postpaid. Make cheques payable to GENETICS, INC. 


Orders should be placed with GENETICS, INC., Mt. Royal and Guilford Aves., Baltimore 2, Maryland, U.S.A. 




















ECOLOGICAL MONOGRAPHS 
TWENTY-YEAR INDEX 


In the last twenty-five years Ecological Mon- 
ographs has published numerous papers of 
enduring value. It was to make these quickly 
available that a committee of the Ecological 
Society of America headed by Donald B. and 
Elizabeth G. Lawrence undertook to comrile 


a cumulative index. Ecological Monographs: 


DUKE UNIVERSITY PRESS 


Twenty-Year Index covers Volumes 1-20, from 
1931 through 1950. It gives special attention 
to names of organisms, geographic locations, 
instruments and methods, illustrations, dia- 
grams, and maps, as well as to author names 
and important words from the titles and 


t-rts of th> articl-s. $2.50. 


DURHAM, NN. C. 


















































ECOLOGY 


All Forms of Life in Relation to Environment 


Official Publication of the ECOLOGICAL SOCIETY OF AMERICA 
Continuing the Plant World 


Editors: Edward S. Deevey (Zodlogy), Yale University 
W. D. Billings (Botany), Duke University 


Vol. 37, No. 4 TABLE OF CONTENTS October, 1956 


A biological test for determining the potential productivity of water-..........-..----.-..-------------0++-----<4 Milton Potash 
Kology of Chaoborus (Diptera: Culididae) in an Ontario lake ; ....Kenneth G. Wood 


A statistical evaluation of stream bottom sampling data obtained from three standard samplers : 
Arden R. Gaujin, Eugene K. Harris, and Harold J. Walter 


An ecological study of the peregrine earthworm Pheretima hupeiensis. ‘ ----.--.-William C. Grant, Jr. 


Relative amounts of Vitamin By, in detritus from oceanic and estuarine environments near 
Sapelo Island, Georgia-.......... ‘ Theodore J. Starr 
Symposium: Uses of marking eideeite | in intention a indies 
Introduction eee Se : ‘ : .....Angus M. Woodbury 
The marking of fish spancdines seccccevsceeens Wm, BH. Ricker 
Marking amphibians and _reptiles.. : : Angus M. Woodbury 
Marking birds for scientific purposes ee Clarence Cottam 
Marking of mammals; standard methods and new developments Richard D. Taber 
Labeling animals with radioisotopes....... : ..Robert C. Pendleton 
Effects of water fluctuation and vegetation change on bird populations, particularly waterfowl 
Paul A. Johnsgard 


Adrenocortical activity in relation to the density and dynamics of three confined — of 
Microtus pennsylvanicus onan Charles D. Louch 


Annual cycle of net plankton in a Suviciting: ictal: Caiataite reservoir 
Edward B. Reed and John R. Olive 


Population density of the limnetic Cladocera of Pymatuning Reservoir ....Gloria Wess Borecky 
Survival and transmission of a virus causing polyhedrosis in Malecosoma fragile Edwin C. Clark 
Body temperatures of three species of Thamnophis Charles C. Carpenter 
Growth of hardwoods after clear-cutting loblolly pine Karl F. Wenger 
A study of some features of growth and reproduction of Pinus yonderosa in northern Idaho 

Raymond M, Turner 


A review of the General Land Office survey and of its use in quantitative studies of former forests 
Erie A. Bourdo, Jr. 


Effects of burning on a desert grass-shrub range in southern Arizona H. G. Reynolds and J, W. Bohning 


Ecological studies of forest trees at Chalk River, Ontario, Canada. II. Ecological conditions 
and radial increment. Donald A. Fraser 


The effect of grazing intensity on stnins composition, vigor, and growth of pine-bunchgrass ranges 
in central Colorado . ...W. M. Johnson 


Changes in a California annual plant community eerees by manipulation of natural mulch..Harold F. Heady 


Use of official weather data in spring time—temperature analysis of an Indiana phenological record 
ton A. Lindsey and James E. Newman 


Certain aspects of climate as related to the distribution of loblolly pine Harold W. Hocker, Jr. 
Photosynthesis and respiration of the phytoplankton in Sandusky Bay... Arthur G. MeQuate 


NOTES AND COMMENTS REVIEWS INDEX TO VOLUME 37 





Current Subscription, $7.50; Single Issue, $2.00; Back Volume, $8.00 
Orders should be sent to 


DUKE UNIVERSITY PRESS 


COLLEGE STATION, BOX 6697 DURHAM, NORTH CAROLINA 





















































The Ecological Society of America 





OFFICERS FOR 1956 


President, Hznry J. Oostine, Department of Botany, Duke University, Dur- 
ham, North Carolina 

Vice-President, W. Franx Buair, Department of Zoology, University of Texas, 
Austin, Texas 

Secretary, Joun F. Reep, Department of Botany, University of New Hampshire, 
Durham, New Hampshire 

Treasurer, ALEXANDER ©. Hopson, Department of Entomology, University of 
Minnesota, St. Paul 1, Minnesota 





AIMS 


THE EcovocicaL SocieTy or AMERICA was founded in 1915 for the purpose of giving unity to the study 
of organisms in relation to environment, as a means of furthering intercourse between persons who are 
approaching widely different groups of organisms from closely related points of view, for the stimulation 
of ecological research, and to assist the development of the utilities which may be served by ecological 
principles, 

MEMBERSHIP 


Membership is open to persons who are interested in the advancement of ecology or its applications, 
and to those who are engaged in any aspect of the study of organisms.in relation to environment, 
The following classes of membership are recognized: 
Associate Members, annual dues, $2.00. 
Contributing Members, annual dues, $2.00 or more. 
Active Members, annual dues, $7.50. 
Sustaining Members, annual dues, $12.50. 


Active and Sustaining Members receive Ecotogy for which not less than $4.00 of the dues are set 
aside. Six dollars of the dues of Sustaining Members are applied as the annual subscription to Eco- 
LOGICAL MONOGRAPHS, the quarterly journal for longer articles, Members in arrears for dues will, on pay- 
ment, be supplied with back numbers so far as they are available, but the journals do not hold themselves 
responsible for reserving back numbers in anticipation of the payment of back dues. 


All members receive the BULLETIN or THE EcoLoaicaL Society or AMERICA, issued by the Secretary in 
March, June, October, and. December, It contains announcements of meetings and excursions of the So- 
ciety, abstracts of papers, programs, items of current interest to members, and occasional membership lists. 


Associate members do not receive EcoLoay or EconogicaL MonocraPus and are not eligible for office, 
but may become members in any one of the above classes upon the payment of the appropriate dues. 


Contributing members may designate the function of the Society to which the contribution, in excess 
of one dollar, is to be devoted and they receive appropriate publications dealing with the activities for 
which the contribution is made. Members of any class may be Contributing members also. Contributing 
members, if not belonging to any other class, are not eligible for office. 

Application blanks for membership may be obtained from the Secretary, to whom all correspondence 


concerning membership should be addressed. Checks accompanying membership application should be 
made payable to the Ecological Society of America. 





